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ABSTRACT 

Wat er shed management  deci s i on maki ng i s a compl ex 

pr ocess.  Cooper at i on and communi cat i on among f eder al ,  

st at e,  and l ocal  st akehol der s ar e r equi r ed whi l e bal anci ng 

bi ophysi cal  and soci o- economi c concer ns.   The publ i c i s 

t aki ng par t  i n envi r onment al  deci s i ons,  and t he need f or  

t echnol ogy t r ansf er  f r om publ i c agenci es t o st akehol der s i s 

i ncr easi ng.   I nf or mat i on t echnol ogy has had a pr of ound 

i nf l uence on wat er shed management  over  t he past  decade.   

However ,  as mor e dat a and compl ex appl i cat i ons become 

avai l abl e,  deci s i on maker s ar e r equi r ed t o have exper t i se 

i n new domai ns such as GI S,  r emot e sensi ng,  t he I nt er net ,  

and dat abase management  syst ems.   Few wat er shed deci s i on 

maker s have t hi s exper t i se and t her ef or e t hese new 

capabi l i t i es ar e f r equent l y l ef t  out  of  t he deci s i on 

pr ocess.  

 

A pr ot ot ype spat i al  deci s i on suppor t  syst em f or  

r angel and wat er shed management  was devel oped t o s i mpl i f y 

t he pr ocess of  i ncor por at i ng advances i n t echnol ogy i nt o 

t he deci s i on pr ocess.   The appl i cat i on ut i l i zes an open 

f r amewor k by usi ng Web ser vi ces t hat  ar e component s t hat  
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communi cat e usi ng t ext - based messages,  t hus el i mi nat i ng 

pr opr i et ar y pr ot ocol s.   Thi s new f r amewor k pr ovi des an 

ext ensi bl e,  accessi bl e,  and i nt er oper abl e appr oach f or  

spat i al  deci s i on suppor t  syst ems.   An i mpor t ant  i nput  i nt o 

t he SDSS i s di gi t al  el evat i on dat a wher e dat a ar e pr oduced 

usi ng di f f er ent  met hods,  and wi t h di f f er ent  accur aci es and 

r esol ut i ons.   Si x di gi t al  el evat i on model s wer e compar ed 

wi t h sur vey dat a t o eval uat e accur aci es at  di f f er ent  

l ocat i ons i n t he Wal nut  Gul ch Exper i ment al  Wat er shed.   The 

sensi t i v i t y of  t he SDSS was eval uat ed usi ng si x management  

syst ems t hat  wer e r anked based on mi ni mi zi ng sedi ment  

y i el d.   The sensi t i v i t y of  t he DEM,  cont r i but i ng sour ce 

ar ea val ue,  and pr eci pi t at i on event  s i ze on management  

syst em r anki ngs was eval uat ed.   Resul t s pr ovi de assi st ance 

f or  user s i n sel ect i ng t hese dat a and model i ng val ues.   

Thi s r esear ch i l l ust r at ed t hat  r ecent  advances i n 

i nf or mat i on t echnol ogy can be ef f ect i vel y ut i l i zed i n 

wat er shed deci s i on suppor t  t echnol ogy.   The I nt er net - based 

SDSS pr ovi des cor e f unct i onal i t y r equi r ed f or  r angel and 

wat er shed management  educat i on and deci s i on- maki ng.   I n 

compar i ng di gi t al  el evat i on dat a of  di f f er ent  sour ces and 

r esol ut i ons wi t h sur vey dat a,  t he DEM dat a appr oxi mat ed 

sur f aces wel l ,  wi t h t he hi gher  r esol ut i on dat a pr oduci ng 
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l ower  r oot  mean squar e er r or  val ues.   And f i nal l y,  

di f f er ent  di gi t al  el evat i on model s,  cont r i but i ng sour ce 

ar ea val ues,  and pr eci pi t at i on event  s i zes pr oduced 

di f f er ent  management  syst em r anki ngs.    
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CHAPTER 1 

I NTRODUCTI ON 

 

 

 

1. 1.  Pr obl em Over vi ew 

 

Wat er shed management  deci s i on maki ng i s i nher ent l y 

compl ex.   I t  r equi r es cooper at i on among f eder al ,  st at e,  and 

l ocal  st akehol der s whi l e i ncor por at i ng bi ophysi cal  and 

soci o- economi c pr ocesses.   Tr adi t i onal l y,  t r ansf er  of  

i nf or mat i on was uni di r ect i onal ,  t ypi cal l y f r om st at e or  

f eder al  gover nment  agenci es t o l andowner s.   I n t oday’ s 

soci et y,  bi - di r ect i onal  communi cat i on i s i mper at i ve,  

expandi ng t he r ol e of  l and management  agenci es and t he 

publ i c i n t he deci s i on- maki ng pr ocess.   However ,  f eder al  

and st at e budget s ar e becomi ng i ncr easi ngl y const r ai ned and 

new t echni ques f or  i nf or mat i on t r ansf er  need t o be 

empl oyed.   Wat er shed management  deci s i ons ar e f ur t her  

compl i cat ed by bot h t he compl exi t y of  t he i ssues and t hose 

pr ocesses cr eat i ng t he pr obl ems.   The di f f i cul t i es i n 

spat i al l y  r epr esent i ng and quant i f y i ng bi ophysi cal  and 
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soci o- economi c pr ocesses r equi r e t hat  management  deci s i ons 

be based on i mper f ect  i nf or mat i on.   

 

As wi t h ot her  di sci pl i nes,  wat er shed management  i n t he 

21st  cent ur y i s i ncr easi ngl y r el i ant  on i nf or mat i on 

t echnol ogy ( Guer t i n et  al . ,  2000) .   Recent  advances i n dat a 

acqui s i t i on t hr ough r emot e sensi ng,  dat a ut i l i zat i on 

t hr ough geogr aphi c i nf or mat i on syst ems ( GI S) ,  dat a shar i ng 

and communi cat i on t hr ough t he I nt er net ,  and t he use of  

model s have pr ovi ded wat er shed manager s wi t h access t o mor e 

i nf or mat i on f or  maki ng management  deci s i ons.   Not  onl y i s 

t he quant i t y of  dat a i ncr easi ng,  but  t he qual i t y of  dat a i s 

al so r api dl y i mpr ovi ng.   New t echnol ogi es,  such as 

i nt er f er omet r i c synt het i c- aper t ur e r adar  ( I FSAR) ,  ar e 

pr ovi di ng dat a wi t h gr eat er  spat i al  r esol ut i on,  whi ch 

i ncr eases our  capabi l i t y  t o anal yze and pr edi ct  wat er  

r esour ce phenomena ( Wi l son et  al . ,  2000) .   However ,  t he 

usef ul ness of  t hi s i nf or mat i on i s of t en l i mi t ed because t he 

i nf or mat i on i s not  of f er ed i n sui t abl e f or ms f or  many 

deci s i on maker s ( Nat i onal  Resear ch Counci l ,  1999) .  

 

Wat er shed deci s i on maki ng l i es bet ween t wo concept ual  

ext r emes:  t op- down or  bot t om- up appr oaches.   The t op- down 
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appr oach f or  deci s i on maki ng i mpl i es t hat  pl anner s,  

t ypi cal l y f r om gover nment  agenci es,  pr epar e a pl an and 

pr esent  i t  t o st akehol der s.   The bot t om- up appr oach 

i nvol ves l ocal  st akehol der  i nput  f r om t he i ncept i on of  

pl anni ng.   I n a r ecent  nat i onal  sur vey,  t he vast  maj or i t y 

( 83%)  of  t he publ i c bel i eves t hey shoul d have mor e 

i nf l uence on envi r onment al  management  deci s i ons and t r ust s 

t he l evel  of  gover nment  c l oser  t o t hem ( i . e.  l ocal  mor e 

t han f eder al )  ( St eel  and Weber ,  2001) .   I nvol v i ng c i t i zens 

i n t he pl anni ng pr ocess “ i nsur es t hat  good pl ans r emai n 

i nt act  over  t i me,  r educes t he l i kel i hood of  cont ent i ous 

bat t l es bef or e counci l s and pl anni ng commi ssi ons,  speeds 

t he devel opment  pr ocess and r educes t he cost  of  good 

pr oj ect s,  i ncr eases t he qual i t y of  pl anni ng,  and enhances 

t he gener al  sense of  communi t y and t r ust  i n gover nment ”  

( Moor e and Davi s,  1997) .    

 

Ef f ect i ve wat er shed deci s i on maki ng r equi r es t he 

i nt egr at i on of  dat a,  exper t  j udgment ,  knowl edge,  and 

si mul at i on model s t o sol ve pr act i cal  pr obl ems and pr ovi de a 

sci ent i f i c  basi s f or  deci s i on maki ng at  t he wat er shed scal e 

( Nat i onal  Resear ch Counci l ,  1999) .   A user - f r i endl y 

deci s i on suppor t  syst em ( DSS)  i s needed t o hel p var i ous 



21 

 

st akehol der  gr oups devel op,  under st and,  and eval uat e 

al t er nat i ve wat er shed management  st r at egi es.   The DSS 

shoul d i nt egr at e a set  of  component s consi st i ng of  dat abase 

management  syst ems ( DBMS) ,  geogr aphi c i nf or mat i on syst ems 

( GI S) ,  s i mul at i on model s,  deci s i on model s,  and easy t o 

under st and user  i nt er f aces t hat  coul d be avai l abl e t o 

di f f er ent  st akehol der  gr oups.   

 

An i mpor t ant  obser vat i on made by t he Nat i onal  Resear ch 

Counci l ’ s  Commi t t ee on Wat er shed Management  ( 1999)  i s t hat  

t he di f f i cul t y i n devel opi ng a DSS i s not  a l ack of  

avai l abl e s i mul at i on model s,  but  r at her  maki ng t hese model s 

avai l abl e t o deci s i on maker s.   Over  t he l ast  f or t y year s,  

t he f eder al  gover nment  has spent  mi l l i ons of  dol l ar s on 

model  devel opment .   Whi l e t hese si mul at i on model s ar e used 

ext ensi vel y i n r esear ch set t i ngs,  t hey ar e r ar el y 

i ncor por at ed i nt o t he deci s i on- maki ng pr ocess.   Reasons f or  

t hi s l ack of  appl i cat i on i ncl ude:  dat a r equi r ement s ar e 

usual l y onl y at t ai ned i n a r esear ch set t i ng,  model s ar e 

compl ex and under l y i ng assumpt i ons,  l i mi t at i ons,  and 

accur acy ar e poor l y under st ood by r esour ce manager s,  

der i v i ng model  i nput  par amet er s i s ext r emel y t i me consumi ng 

and di f f i cul t ,  and t he cost s of  mai nt ai ni ng and managi ng 
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t he necessar y har dwar e and sof t war e syst ems ar e hi gh.   As 

hydr ol ogi c model s cont i nue t o be i nt egr at ed wi t h ot her  

t echnol ogi es,  user s wi l l  be r equi r ed t o have exper t i se i n 

dat abase management  syst ems,  geogr aphi c i nf or mat i on 

syst ems,  comput er  oper at i ng syst ems,  r emot e sensi ng,  and 

I nt er net  sear chi ng f or  dat a gat her i ng,  as wel l  as wat er shed 

domai n knowl edge.   Few seasoned pr of essi onal s have al l  

t hese ski l l s ,  much l ess t he t ypi cal  wat er shed st akehol der .  

 

Because successf ul  bot t om- up deci s i on maki ng hi nges on 

educat i ng st akehol der s,  new met hods ar e needed f or  

di ssemi nat i ng appl i cat i ons t hat  pr ovi de i nf or mat i on t o 

st akehol der s.   I nf or mat i on t echnol ogy,  i n t he f or m of  

hydr ol ogi c s i mul at i on model s,  GI S,  and deci s i on suppor t  

syst ems,  i s capabl e of  r epr esent i ng our  under st andi ng of  

t he envi r onment ,  but  i s  of t en unavai l abl e t o st akehol der s.   

The I nt er net  pr ovi des a gr eat  oppor t uni t y f or  shar i ng 

i nf or mat i on and appl i cat i ons wi t h deci s i on- maker s.   

However ,  l i mi t at i ons i n avai l abi l i t y ,  ar chi t ect ur es,  

bandwi dt h,  and secur i t y pr esent  chal l enges f or  usi ng t hi s 

medi um.   Advances i n t he communi cat i on of  i nf or mat i on 

t hr ough i nt egr at i ng I nt er net  GI S and si mul at i on model s i n 

spat i al  deci s i on suppor t  syst ems pr ovi de oppor t uni t i es f or  
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i mpr ovi ng t he t r ansf er  of  i nf or mat i on and knowl edge f r om 

wat er shed sci ent i st s and l and manager s t o deci s i on- maker s.   

 

I n addi t i on,  advances i n t echnol ogy ar e pr ovi di ng a 

gr eat er  sel ect i on of  di gi t al  dat a f or  deci s i on- maker s t o 

i ncl ude i n t he deci s i on pr ocess.   These new dat a can be of  

s i mi l ar  spat i al  r esol ut i on as exi st i ng dat a,  but  ar e 

der i ved f r om di f f er ent  met hods f or  dat a col l ect i on.   Si nce 

many wat er shed st akehol der s ar e unf ami l i ar  wi t h t hese 

col l ect i on met hods and t her ef or e cannot  eval uat e whi ch 

t echni ques ar e bet t er  t han ot her s,  t hey must  r el y on 

sci ent i st s and r esear ch exper i ment s t o det er mi ne whi ch dat a 

ar e appr opr i at e f or  speci f i c  t asks.   

 

1. 2.  Resear ch Obj ect i ves 

 
The goal  of  t hi s r esear ch i s t o devel op and eval uat e a 

new met hodol ogy t o i mpr ove i nf or mat i on avai l abl e t o 

wat er shed management  deci s i on- maker s.   Speci f i c  obj ect i ves 

ar e t o anal yze r angel and wat er shed deci s i on- maker ’ s 

r equi r ement s whi ch i ncl ude i nf or mat i on needed f or  ef f ect i ve 

deci s i on- maki ng.   Based on t hese r equi r ement s,  an 

appl i cat i on was desi gned t hat  meet s cr i t er i a of  
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r eusabi l i t y ,  avai l abi l i t y ,  scal abi l i t y ,  secur i t y,  and 

i nt er oper abi l i t y .   The pr oposed appl i cat i on i nt egr at es t he 

l at est  advances i n i nf or mat i on t echnol ogy such as I nt er net  

geogr aphi c i nf or mat i on syst ems,  Web ser vi ces,  r el at i onal  

dat abase management  syst ems,  and envi r onment al  s i mul at i on 

model s wi t hi n a component  based f r amewor k.    

 

The speci f i c  obj ect i ves of  t hi s st udy ar e:   

 

1.  Devel op a compr ehensi ve l i t er at ur e r evi ew t hat  

i ncl udes a di scussi on of  appl i cat i ons of  spat i al  

deci s i on suppor t  syst ems,  and t he i ndi v i dual  

component s wi t hi n spat i al  deci s i on suppor t  

t echnol ogy.   The r evi ew i ncl udes r angel and wat er shed 

management ,  I nt er net  and wor kst at i on geogr aphi c 

i nf or mat i on syst ems,  hydr ol ogi c s i mul at i on model s,  

r el at i onal  dat abase management  syst ems,  and Web 

ser vi ces.    

 

2.  Col l ect  and def i ne r equi r ement s f or  a spat i al  

deci s i on suppor t  syst em t hat  al l ow wat er shed 

manager s t o easi l y i ncor por at e hydr ol ogi c model s 

i nt o t he deci s i on maki ng pr ocess.   These 
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r equi r ement s al l ow deci s i on maker s t o per f or m 

si mul at i ons,  def i ne management  al t er nat i ves,  and 

consi der  t hese al t er nat i ves i n t he anal ysi s.    

 

3.  Desi gn and i mpl ement  an appl i cat i on t hat  per f or ms 

t he pr ocedur es and oper at i ons def i ned i n obj ect i ve 2 

above.   The appl i cat i on and dat abase management  

syst em desi gn i nt egr at es geogr aphi c i nf or mat i on 

syst ems,  I nt er net ,  envi r onment al  s i mul at i on model s,  

and Web ser vi ces t o i mpr ove t he quant i t y and qual i t y 

of  i nf or mat i on avai l abl e t o r angel and wat er shed 

deci s i on maker s.    

 

4.  Eval uat e t he i mpact  of  di gi t al  el evat i on model s and 

dat a sour ces of  di f f er ent  r esol ut i ons on wat er shed 

del i neat i on and hydr ol ogi c model  par amet er i zat i on.   

Di gi t al  dat aset s ar e const ant l y evol v i ng and ar e 

avai l abl e f r om many di f f er ent  agenci es.   As a 

r esul t ,  user s have t o sel ect  t he most  appr opr i at e 

DEM f or  hydr ol ogi c anal ysi s.    

 

5.  Eval uat e t he i mpact  of  t he di gi t al  el evat i on model s 

eval uat ed i n obj ect i ve 4 on t he r anki ng of  
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al t er nat i ve management  syst ems f r om t he spat i al  

deci s i on suppor t  syst em.   I n addi t i on,  t he 

sensi t i v i t y of  t hr ee cont r i but i ng sour ce ar ea val ues 

and si x pr eci pi t at i on event  s i zes on management  

syst em r anki ngs by t he SDSS wi l l  be eval uat ed.  

 

1. 3.  Or gani zat i on of  Di sser t at i on  

 

The di sser t at i on i s or gani zed i nt o seven chapt er s wi t h 

each bui l di ng on pr evi ous sect i ons.   The f i r st  chapt er ,  

Chapt er  1,  cont ai ns backgr ound i nf or mat i on on wat er shed 

management  deci s i on- maki ng,  hi ghl i ght i ng cur r ent  i ssues 

t hat  make t hi s t opi c of  r esear ch i mpor t ant .   I t  cont ai ns 

obj ect i ves f or  t he di sser t at i on and i dent i f i es speci f i c  

goal s t hat  ar e accompl i shed t hr ough t hi s wor k.   Chapt er  2 

f ol l ows wi t h a r evi ew of  t he l i t er at ur e ger mane t o t hi s 

r esear ch.   Chapt er  2 i ncl udes a di scussi on of  r esear ch i n 

t he f i el d of  deci s i on suppor t  sci ences i ncl udi ng spat i al  

and non- spat i al  DSSs,  component s i n spat i al  deci s i on 

suppor t  syst ems such as gr aphi cal  user  i nt er f aces,  

geogr aphi c i nf or mat i on syst ems,  hydr ol ogi c s i mul at i on 

model s,  r el at i onal  dat abase management  syst ems,  and 

i nt egr at i ng t hese t echnol ogi es i n di f f er ent  domai ns.    
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Chapt er  3 descr i bes t he desi gn of  t he spat i al  deci s i on 

suppor t  syst em i dent i f y i ng obj ect i ves and r equi r ement s of  

t he syst em.   The chapt er  pr ovi des an abst r act  per spect i ve 

of  t he SDSS appl i cat i on.   Desi gn cr i t er i a ar e descr i bed and 

di scussed and t he i mpor t ance of  each cr i t er i on t o t he 

over al l  spat i al  deci s i on suppor t  syst em i s i ncl uded.   

I mpor t ant  desi gn consi der at i ons f or  t he spat i al  deci s i on 

suppor t  syst em ar e t hat  i t  be r eusabl e,  ext ensi bl e,  

i nt er oper abl e,  accessi bl e,  and secur e.   Use cases descr i be 

how user s i nt er act  wi t h t he spat i al  deci s i on suppor t  syst em 

whi ch i ncl udes a pi ct or i al  and pr ocedur al  per spect i ve of  

t he syst em.   

 

The di scussi on on t he devel opment  of  t he spat i al  

deci s i on suppor t  syst em i s i ncl uded i n Chapt er  4.   Fi r st ,  a 

concept ual  desi gn i s pr esent ed i ncl udi ng a di scussi on of  

t he use of  I nt er net  geogr aphi c i nf or mat i on syst ems,  

geopr ocessi ng component s,  s i mul at i on model s,  and a dat abase 

management  syst em wi t hi n t he desi gn.   The i mpl ement at i on of  

t he concept ual  desi gn f ol l ows,  exami ni ng t he ar chi t ect ur e 

devel opment  whi ch i ncl udes a di scussi on of  t he speci f i c  

t asks per f or med by t he i ndi v i dual  t echnol ogi es.   The 

i mpl ement at i on i s pr esent ed wi t hi n t he cont ext  of  t he 
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desi gn cr i t er i a pr esent ed i n Chapt er  3,  and a di scussi on of  

how t hese desi gn cr i t er i a ar e achi eved i s i ncl uded i n t he 

chapt er .    

 

The r eadi l y avai l abl e di gi t al  el evat i on model s used as 

i nput  f or  t he spat i al  deci s i on suppor t  syst em ar e eval uat ed 

i n Chapt er  5.   Thi s anal ysi s i s per f or med on t he Wal nut  

Gul ch Exper i ment al  Wat er shed i n sout heast er n Ar i zona,  wher e 

r esear ch and dat a col l ect i on has been per f or med f or  t he 

past  f i ve decades.   Si x di gi t al  el evat i on model s wi t h 

r esol ut i ons r angi ng f r om 2. 5 t o 90 met er s cr eat ed usi ng 

di f f er ent  t echnol ogi es ar e used i n t hi s anal ysi s.   The DEMs 

ar e compar ed t o f i el d sur vey dat a t o comput e and eval uat e 

i nher ent  er r or  i n t he dat a.   For  t he di f f er ent  DEMs,  

wat er shed and st r eam net wor ks ar e del i neat ed and der i ved 

par amet er s f r om t hese del i neat i ons ar e compar ed usi ng 

di f f er ent  wat er shed compl exi t i es and si zes.   The val ues 

used f or  compar i son ar e par amet er s f or  hydr ol ogi c model s 

and i ncl ude t ot al  wat er shed ar ea,  number  of  channel  

segment s,  mean channel  l engt h,  mean channel  s l ope,  number  

of  upl and pl ane el ement s,  mean upl and pl ane ar ea,  and mean 

upl and pl ane sl ope.    
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I n Chapt er  6,  a sensi t i v i t y anal ysi s eval uat i ng t he 

i mpact  of  t he di gi t al  el evat i on model s of  di f f er ent  sour ces 

and r esol ut i ons,  di f f er ent  cont r i but i ng sour ce ar ea val ues,  

and di f f er ent  pr eci pi t at i on event  s i zes on t he r esul t s f r om 

t he spat i al  deci s i on suppor t  syst em i s per f or med.   

Si mul at i ons usi ng t he si x DEMs anal yzed i n Chapt er  5 ar e 

conduct ed on si x management  syst ems t o det er mi ne i f  t he 

di f f er ent  DEMs change t he r anki ng of  t he management  

syst ems.   I n addi t i on,  management  syst em r anki ngs ar e 

compar ed usi ng t hr ee cont r i but i ng sour ce ar ea val ues ( 1. 5,  

8. 0,  and 15 per cent )  and si x pr eci pi t at i on event  s i zes ( 5 

year  30 mi nut e,  5 year  60 mi nut e,  10 year  30 mi nut e,  10 

year  60 mi nut e,  100 year  30 mi nut e,  100 year  60 mi nut e) .   

Management  syst ems ar e r anked based on mi ni mi zi ng sedi ment  

y i el d wher e hi gher  r anked management  syst ems pr oduce l ower  

s i mul at ed sedi ment  y i el d val ues.    

 

The summar y and concl usi ons ar e pr esent ed i n Chapt er  7 

f ol l owed by t he Appendi x and l i s t  of  l i t er at ur e c i t ed.   The 

Appendi x cont ai ns def i ni t i on of  t er mi nol ogy,  scr een 

capt ur es of  t he appl i cat i on,  an over vi ew of  t he hydr ol ogi c 

model  used i n t he SDSS,  a dat a di ct i onar y f or  t he SDSS 

dat abase,  Uni f i ed Model i ng Language sequence di agr ams,  
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met hodol ogy f or  s i mul at i on r ange management  pr act i ces 

wi t hi n t he SDSS,  and Chapt er  5 and 6 s i mul at i on r esul t s.    
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CHAPTER 2 

REVI EW OF RELEVANT LI TERATURE 

 

 

 

2. 1.  I nt r oduct i on 

 

Thi s chapt er  r evi ews r el evant  l i t er at ur e f or  t hi s 

r esear ch on t he desi gn,  devel opment ,  i mpl ement at i on,  and 

t est i ng of  t he spat i al  deci s i on suppor t  syst em f or  

r angel and wat er shed management .   I t  begi ns wi t h a 

di scussi on on r esear ch i n t he f i el d of  deci s i on suppor t  

sci ences.   Topi cs i ncl ude t he devel opment  of  spat i al  and 

non- spat i al  deci s i on suppor t  syst ems f or  di f f er ent  domai ns 

and r easons f or  poor  adopt i on and success r at es.   A 

di scussi on of  t he component s i n spat i al  deci s i on suppor t  

syst ems f ol l ows i ncl udi ng gr aphi cal  user  i nt er f aces,  

geogr aphi c i nf or mat i on syst ems,  hydr ol ogi c s i mul at i on 

model s,  r el at i onal  dat abase management  syst ems,  and t he 

i nt egr at i on of  t hese t echnol ogi es.   The l i t er at ur e r evi ew 

concl udes wi t h a summar y and di scussi on on why t hi s 

r esear ch i s r el evant .    
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2. 2.  Spat i al  Deci s i on Suppor t  Syst ems 

 

2. 2. 1.  Over vi ew 

 

Spat i al  Deci s i on Suppor t  Syst ems ( SDSS)  ar e devel oped 

t o i nt egr at e dat a,  knowl edge,  and model i ng r esul t s t o 

i dent i f y,  eval uat e,  and r ecommend al t er nat i ve sol ut i ons t o 

spat i al l y  di st r i but ed pr obl ems ( Dj oki c,  1996;  Bel l amy et  

al . ,  1996;  Pr at o and Haj kowi cz,  1999) .   Deci s i on suppor t  

syst ems have pr ogr essed f r om t ool s t hat  s i mpl y pr ovi de 

user s wi t h t he r esour ces t o f or mul at e,  assess,  and compar e 

al t er nat i ve sol ut i ons t o appl i cat i ons t hat  educat e user s 

about  t he pr obl em cont ext  and how t he pr obl em has come i nt o 

exi st ence ( Bel l amy et  al . ,  1996) .   Wi t h educat i on as t he 

pr i mar y f ocus,  manager s and pl anner s can mor e easi l y adapt  

t o changi ng si t uat i ons t hr ough under st andi ng of  t he causal  

r el at i onshi ps of  t he s i t uat i on at  hand ( Cl i maco et  al . ,  

1995;  Bel l amy et  al . ,  1996) .   

 

I n nat ur al  r esour ce management ,  Deci s i on Suppor t  

Syst ems ( DSS)  have been successf ul l y devel oped f or  compl ex 

pr obl ems,  and i n many cases t hese syst ems have r eached or  

exceeded t he l evel  or  per f or mance of  r ecogni zed human 
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exper t s ( Coul son et  al . ,  1987) .   For  exampl e,  a DSS was 

devel oped f or  Aust r al i an r angel ands t o assess t he 

sust ai nabi l i t y  of  gr azi ng management  syst ems ( Bel l amy et  

al . ,  1996;  Bel l amy and Lowes,  1999) .   Speci f i cal l y,  t hi s 

syst em assessed t he spat i al  var i abi l i t y  of  t he veget at i on 

condi t i on and soi l  er osi on r i sks f or  gr azi ng management  

uni t s,  f or mul at ed al t er nat i ve scenar i os and assessed t he 

i mpact s of  t hese scenar i os on veget at i on condi t i on and soi l  

er osi on r i sk,  and eval uat ed t he i mpl i cat i ons f or  past ur e 

and cat t l e pr oduct i on and t he pr of i t abi l i t y  f or  each 

scenar i o ( Bel l amy and Lowes,  1999) .  A DSS used t o eval uat e 

t he i mpact  of  al t er nat i ve agr i cul t ur al  management  syst ems 

on sur f ace and gr oundwat er  qual i t y and f ar m i ncome was 

devel oped by t he USDA ARS Sout hwest  Wat er shed Resear ch 

Cent er  i n Tucson,  AZ ( Yakowi t z,  et  al . ,  1992;  Yakowi t z et  

al . ,  1993;  Hei l man et  al . ,  1994;  Hei l man et  al . ,  1997) .   

Spat i al  deci s i on suppor t  syst ems have al so been devel oped 

t o assess sust ai nabi l i t y  of  r esour ce management  at  t he 

f i el d and wat er shed scal es ( Per ei r a and Duckst ei n,  1993;  

Pr at o and Haj kowi cz,  1999;  Joer i n and Musy,  2000) .    

 

The adopt i on and success r at es of  deci s i on suppor t  

syst ems and spat i al  deci s i on suppor t  syst ems have been 



  34 

 

r el at i vel y l ow despi t e t he ef f or t ,  t i me,  and money spent  on 

devel opi ng t hese appl i cat i ons ( Ur an and Janssen,  2003) .   

Newman et  al .  ( 2000)  at t r i but ed t hi s l ack of  adopt i on t o 

t he compl exi t y and quant i t y of  dat a i nput s,  l i mi t ed 

comput er  owner shi p,  and a l ack of  under st andi ng by 

pot ent i al  user s of  t he under l y i ng t heor i es of  i ncl uded 

model s ( Newman et  al . ,  2000) .   Af t er  exami ni ng f i ve spat i al  

deci s i on suppor t  syst ems f or  coast al  zone and wat er  

management ,  Ur an and Janssen ( 2003)  concl uded t hat  

di f f i cul t i es i n speci f y i ng al t er nat i ves,  compl exi t y i n 

navi gat i on r esul t i ng f r om a l ar ge number  of  opt i ons,  and 

l ack of  adequat e suppor t  t o t he deci s i on pr ocess ar e maj or  

r easons f or  t he l ow adopt i on r at es.   Fur t her mor e,  t hey 

st at ed t hat  a c l oser  l i nk bet ween devel oper s and user s 

dur i ng devel opment  woul d pot ent i al l y  l ead t o hi gher  

adopt i on r at es i n t he f ut ur e.    

 

2. 2. 2.  SDSS:  Component s 

 

Spat i al  Deci s i on Suppor t  Syst ems ar e cr eat ed ei t her  

f r om t he gr ound up,  wr i t i ng t he ent i r e pr ogr am f r om 

scr at ch,  or  by l i nki ng exi st i ng appl i cat i on t hat  pr ovi de 

t he necessar y t ool s ( Dj oki c,  1996) .   Si nce wr i t i ng t he 
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appl i cat i on f r om scr at ch i s compl ex and r ei nvent s 

pr ocedur es t o pr ovi de r equi r ed f unct i onal i t y,  SDSS shel l s 

ar e usual l y cr eat ed by l i nki ng exi st i ng appl i cat i ons 

( Dj oki c,  1996) .   Spat i al  Deci s i on Suppor t  Syst ems t ypi cal l y 

i ncl ude r emot e sensi ng,  geogr aphi c i nf or mat i on syst ems,  

anal yt i cal  model s,  a user  i nt er f ace,  dat abase management  

syst em,  and knowl edge based syst em ( Sugumar an,  2002;  

Densham,  1991;  Fedr a,  1991) .   I n t he wat er shed sci ences,  

t he l i nkage i s commonl y made bet ween hydr ol ogi c/ wat er  

qual i t y s i mul at i on model s,  a GI S,  and a r el at i onal  dat abase 

management  syst em whi ch pr ovi des an ef f i c i ent  means t o 

st or e,  anal yze,  and vi sual i ze r esul t s f r om t he model  ( Yoon,  

1996) .   Dj oki c ( 1996)  poi nt s out  t hat  a bur den wi t h l i nki ng 

exi st i ng appl i cat i ons i s t hat  i nt er f aces must  be cr eat ed 

f or  i ndi v i dual  sof t war e component s t o al l ow dat a t r ansf er  

and command cont r ol .  However ,  r ecent  advances i n 

i nf or mat i on t echnol ogy al l ow GI S sof t war e and commer ci al l y 

avai l abl e RDBMS t o be compat i bl e,  whi ch pr ovi des an 

oppor t uni t y f or  a seaml ess i nt egr at i on bet ween dat abase 

management  syst ems and geogr aphi c i nf or mat i on syst ems.  
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§ User Interface 

 

Deci s i on suppor t  syst em r esear ch has hi st or i cal l y 

f ocused on dat a,  pr ocedur es,  r ul e set s,  t ext ,  f or ms,  and 

spr eadsheet s associ at ed wi t h t he pr obl em deci s i on ar ea 

( Sankar  et  al . ,  1995) .   However ,  t he user  i nt er f ace has 

been deemed t o be t he most  i mpor t ant  aspect  ( Spr ague and 

Car l son,  1982)  and accept ance of  deci s i on suppor t  syst ems 

i s l ar gel y dependent  on t hei r  ease of  use ( Ur an and Jassen,  

2003) ,  whi ch i s of t en cont r ol l ed by t he user  i nt er f ace.   

The user  i nt er f ace coor di nat es t he communi cat i on bet ween 

t he user  and t he appl i cat i on.   A good di al og shoul d be 

er r or  t ol er ant  and pr ovi de user  hel p as car ef ul l y phr ased 

i nf or mat i ve messages ( Mol i ch and Ni el sen,  1990) .   The user  

i nt er f ace shoul d be easy t o l ear n,  al l ow gr acef ul  shi f t i ng 

f r om one t ask t o t he next ,  pr ovi de a hi gh l evel  of  gui dance 

and f eedback based on a user ’ s i nt er act i ons whi l e gi v i ng 

t he user  t he sense of  bei ng i n cont r ol  ( Hol sappl e and 

Whi nst on,  2001) .  
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§ Geographic Information Systems 

 

Geogr aphi c I nf or mat i on Syst ems ar e at  t he cor e of  

Spat i al  Deci s i on Suppor t  Syst ems.   GI S can i ncor por at e dat a 

addr essi ng mul t i - owner shi p,  i nf r ast r uct ur e,  and economi c 

concer ns.   GI S of f er s t he capabi l i t y  t o expl i c i t l y  model  

t he spat i al  het er ogenei t y i n l andscapes,  past ur e 

ut i l i zat i on,  and di st r i but i on of  management  uni t s ( Bel l amy 

et  al . ,  1996;  Bel l amy and Lowes,  1999)  and ef f ect i vel y 

anal yze non- poi nt  sour ce pol l ut i on pr obl ems ( Fr aser  et  al . ,  

1996;  Yoon,  1996;  Fr aser  et  al . ,  1998;  Guer t i n et  al . ,  

1998;  Basnyat  et  al . ,  2000) .   Management  t ool s,  such as 

Spat i al  Deci s i on Suppor t  Syst ems,  ar e mor e ef f ect i ve i f  

t hey ar e user  f r i endl y and easi l y accessi bl e.   The I nt er net  

pr ovi des a conveni ent  f or um f or  t echnol ogy t r ansf er  ( Lane 

et  al . ,  1999) ;  however ,  appl i cat i ons ut i l i z i ng spat i al  

t echnol ogi es avai l abl e t hr ough t he I nt er net  have cost l y 

per f or mance consi der at i ons.  

 

The I nt er net  has exi st ed f or  over  30 year s but  onl y 

r ecent l y have Geogr aphi c I nf or mat i on Syst ems ut i l i zed 

I nt er net  t echnol ogy,  whi ch has t he pot ent i al  f or  
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exponent i al  i ncr eases i n t he ef f i c i ency and ef f ect i veness 

of  t he ways i n whi ch we obt ai n,  shar e,  and pr ocess 

geogr aphi c dat a ( Pl ew,  1997) .  The web ut i l i zes a c l i ent -

ser ver  ar chi t ect ur e t hat  al l ows dat a st or age,  ext r act i on,  

and pr ocessi ng f unct i ons comput ed on a r emot e ser ver ,  whi l e 

v i sual i zat i on f unct i ons ar e per f or med at  t he l ocal  c l i ent  

t hr ough a web- br owser  ( Abel  et  al . ,  1998) .  Some of  t he 

cur r ent  appl i cat i ons of  I nt er net - GI S i ncl ude UCLA’ s GI S 

Dat abase and Map Ser ver  ( ht t p: / / gi sdb. cl ust er . ucl a. edu) ,  

Nat i onal  Geogr aphi c ’ s I nt er act i ve At l as 

( ht t p: / / www. nat i onal geogr aphi c. com/ mapmachi ne) ,  Feder al  

Emer gency Management  Agency’ s ( FEMA)  hazar d maps 

( ht t p: / / www. esr i . com/ hazar ds/ i ndex. ht ml . ) ,  and a 

v i sual i zat i on t ool  ( GEO- VRML)  devel oped i n cooper at i on wi t h 

t he EPA ( ht t p: / / www. epa. gov/ gi svi s/ i ndex. ht ml ) .    

 

The I nt er net - GI S ar chi t ect ur e det er mi nes t he 

compl exi t y and ef f i c i ency pr ovi ded by t he appl i cat i on.  The 

si mpl est  ar chi t ect ur e i s a t hi n c l i ent  ar chi t ect ur e,  wher e 

t he appl i cat i on r uns i n a st andar d web br owser  ( i . e.  

Mi cr osof t ’ s I nt er net  Expl or er  or  Net scape’ s Navi gat or )  and 

r equi r es l i t t l e pr ocessi ng power  f or  t he user  ( Abel  et  al . ,  

1998) .  Usi ng t hi s t ype of  ar chi t ect ur e,  spat i al  dat a ar e 
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t r ansf er r ed as i mage f i l es i n a f or mat  compat i bl e wi t h 

avai l abl e web br owser s.  Mor e compl ex appl i cat i ons r equi r e a 

“ t hi cker ”  c l i ent  consi st i ng of  ei t her  a br owser  pl ug- i ns or  

an appl et .  A pl ug- i n i s an i ndependent  sof t war e component  

i nst al l ed l ocal l y t hat  i s  aut omat i cal l y st ar t ed when dat a 

of  t he speci f i ed t ype i s r ecei ved.  An appl et  i s  a pl at f or m 

i ndependent ,  Java pr ogr am t hat  i s t r ansmi t t ed wi t h t he dat a 

and has t he pot ent i al  t o br i dge t he gap bet ween web GI Ss 

and non- web GI Ss ( Wang and Jusoh,  1999) .  Bot h appr oaches 

pr ovi de f or  devel opment al  capabi l i t i es sui t abl e f or  di ver se 

spat i al  dat a appl i cat i ons ( Abel  et  al . ,  1998) .    

 

Many appl i cat i ons have been cr eat ed usi ng di f f er ent  

ar chi t ect ur es.  Abel  et  al .  ( 1998)  devel oped t wo 

appl i cat i ons of  di f f er ent  compl exi t i es and di scuss t he 

access t i me t hr ough t he I nt er net .   The f i r st  appl i cat i on 

pr ovi ded I nt er net  access t o Aust r al i a’ s gover nment  

cadast r al  and r el at ed dat abases.  I n t hi s appl i cat i on,  t he 

c l i ent  was onl y r equi r ed t o zoom,  pan,  and r equest  

addi t i onal  i nf or mat i on about  t he dat a.   Thi s appl i cat i on 

was si mul at ed usi ng a Java appl et  t hat  per f or med “ ver y 

s i mi l ar  t o t hat  of  a convent i onal  GI S”  ( Abel  et  al . ,  1998) .  

The second appl i cat i on was mor e compl ex,  pr oduci ng maps 
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f r om vect or  and r ast er  dat a l i nked t o a t empor al  aspat i al  

dat abase.  Thi s appl i cat i on cont ai ns t wo Appl et s,  one f or  

v i ewi ng spat i al  dat a and t he ot her  i s an i ndependent  gr aph 

vi ewer .  When t he user  pans t o t he map vi ew,  t he r ast er  dat a 

wer e r equi r ed t o be r e- t r ansmi t t ed,  del ayi ng t he vi ewi ng 

appl i cat i on ( Abel  et  al . ,  1998) .   However ,  changes i n 

desi gn of  t he i nt er net - GI S ar chi t ect ur e can l i mi t  t he 

number  of  t i mes t he cl i ent  cont act s t he ser ver  t hus 

decr easi ng pot ent i al  del ays.  Ot her  appl i cat i ons usi ng 

I nt er net  GI S i ncl ude web- based mappi ng f or  ur ban syst ems 

( Doyl e et  al . ,  1998) ,  a web- based appl i cat i on f or  

v i sual i z i ng GI S dat a ( Huang and Li n,  1999) ,  and an 

i nt er net - based GI S appl i cat i on f or  an i nvest ment  

envi r onment  ( Li n and Zhang,  1998) .  Resear ch has al so been 

conduct ed on t he devel opment  of  a 3- di mensi onal  GI S 

depl oyed t hr ough t he I nt er net  ( Lee et  al . ,  1998)  and 

i nt egr at i ng mul t i pl e i nt er net - based geogr aphi c 

i nf or mat i on’ s syst ems i nt o one syst em ( Wang and Jusoh,  

1999) .  
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§ Hydrologic Simulation Models  

 

Or i gi nat i ng i n t he l at t er  hal f  of  t he 19t h cent ur y,  

hydr ol ogi c model s have l ong been used i n wat er shed 

management .   They pr ovi de an i mpor t ant  r esour ce f or  

eval uat i ng and assessi ng hydr ol ogi c syst ems,  and manager s 

ar e i ncr easi ngl y r el i ant  on t hi s t echnol ogy t o suppor t  

deci s i on maki ng.   The cl assi f i cat i on,  appl i cat i on,  and 

devel opment  of  avai l abl e model s has been r evi ewed i n gr eat  

det ai l  by ot her s ( see Si ngh,  1995;  Mai dment ,  1993 f or  

synopses) .   The maj or i t y of  model s appl i ed t oday per f or m 

si mul at i ons usi ng met hods der i ved i n t he ear l y 20t h cent ur y.   

When t hese met hods ar e i mpl ement ed wi t h t oday’ s t echnol ogy,  

i t  r ai ses quest i ons r egar di ng t he appl i cabi l i t y  of  t hese 

t ool s.   For  exampl e,  Gr een- Ampt ’ s i nf i l t r at i on equat i on was 

devel oped as a poi nt  model  t o est i mat e i nf i l t r at i on under  

sat ur at ed condi t i ons,  and i s now commonl y appl i ed over  

l ar ge l andscapes usi ng di st r i but ed hydr ol ogi c s i mul at i on 

model s.   However ,  physi cal l y- based,  spat i al l y  di st r i but ed 

i nf i l t r at i on equat i ons have not  been devel oped,  so t hi s i s 

t he best  appr oach avai l abl e.   Even t hough t he f i r st  

wat er shed- scal e,  comput er  based si mul at i on model  was 
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devel oped al most  f or t y year s ago i n t he St anf or d Wat er shed 

Model  ( Cr awf or d and Li nsl ey,  1966) ,  s i mul at i ng wat er shed-

scal e pr ocesses cont i nues t o be an ext r emel y chal l engi ng 

act i v i t y,  i n spi t e of  r ecent  advances i n dat a quant i t y and 

qual i t y,  and t echnol ogi es t o manage t he spat i al  at t r i but es 

of  wat er sheds.   The Nat i onal  Resear ch Counci l  ( 1999)  

r ecommends t hat  t ool s be devel oped t o f aci l i t at e t he 

t r ansf er  of  s i mul at i on model i ng t echnol ogy,  whi ch wi l l  

pr ovi de model i ng r esul t s t o manager s f or  deci s i on maki ng,  

“ even i f  t hey ar e based on i mper f ect  i nf or mat i on. ”    

 

A r ecent  t r end i n hydr ol ogi c model i ng i s t o ut i l i ze 

geogr aphi c i nf or mat i on syst ems t o devel op par amet er  set s 

and vi sual i ze s i mul at i on r esul t s.   Four  appr oaches exi st  

f or  i nt egr at i ng model s and GI S:  embeddi ng GI S i n t he 

hydr ol ogi c model  and vi ce ver sa,  and l oose and t i ght  

coupl i ng bet ween t he component s ( Sui  and Maggi o,  1999) ,  

wi t h each appr oach havi ng advant ages and di sadvant ages.   

Embeddi ng t he GI S f unct i onal i t y i n t he hydr ol ogi c model  

pr ovi des t he most  f l exi bi l i t y  f or  appl i cat i on desi gn,  

el i mi nat i ng dependenci es on pr evi ous GI S dat a st r uct ur es,  

but  most  hydr ol ogi c model i ng packages do not  pr ovi de t he 

vi sual i zat i on capabi l i t i es of  commer ci al  geogr aphi c 
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i nf or mat i on syst ems ( Sui  and Maggi o,  1999) .   Embeddi ng 

hydr ol ogi c model i ng f unct i onal i t y i n GI S has r ecent l y been 

conduct ed by vendor s such as ESRI  and I nt er gr aph,  but  t he 

model i ng capabi l i t i es ar e usual l y s i mpl i st i c and 

cal i br at i on and ver i f i cat i on must  be conduct ed out si de t he 

GI S ( Sui  and Maggi o,  1999) .   Loose coupl i ng i s compl et ed 

usi ng “ st and al one”  GI Ss and hydr ol ogi c model s t hat  

exchange dat a usi ng an ASCI I  or  bi nar y dat a f or mat .   Loose 

coupl i ng r el i es on exi st i ng component s,  t her ef or e r educi ng 

t he pr ogr ammi ng r equi r ed t o devel op t hese t echnol ogi es,  but  

dat a conver si on bet ween t he component s can be t edi ous ( Sui  

and Maggi o,  1999) .   The f i nal  appr oach,  t i ght  coupl i ng 

embeds a hydr ol ogi c model  wi t hi n a commer ci al  GI S ut i l i z i ng 

t he appl i cat i on’ s capabi l i t y  t o be cust omi zed usi ng 

scr i pt i ng l anguages such as ESRI  Avenue or  AML ( Sui  and 

Maggi o,  1999) .    

 

These f our  i nt egr at i on appr oaches have yi el ded 

numer ous appl i cat i ons t hat  ut i l i ze a combi nat i on of  l oose 

or  t i ght  coupl i ng met hods ( Sui  and Maggi o,  1999) .   The 

Aut omat ed Geospat i al  Wat er shed Assessment  Tool  ( AGWA;  

Mi l l er  et  al . ,  2002)  uses a hybr i d bet ween t he l oose and 

t i ght  coupl i ng wher e speci al i zed r out i nes ar e cr eat ed usi ng 
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ESRI ’ s Avenue pr ogr ammi ng l anguage t o pr epar e i nput  f i l es,  

but  t he communi cat i on bet ween t he GI S and hydr ol ogi c model s 

ar e per f or med usi ng an ASCI I  t ext  f or mat .   A s i mi l ar  

appr oach was used i n devel opi ng a gener i c obj ect - or i ent ed 

model i ng f r amewor k ( McKi nney and Cai ,  2002)  and i nt egr at i ng 

GI S i nt o Agr i cul t ur al  Nonpoi nt  Sour ce Pol l ut i on Model  

( AGNPS:  He,  2003;  He et  al . ,  2001) ,  Bet t er  Assessment  

Sci ence I nt egr at i ng Poi nt  and Nonpoi nt  Sour ces ( BASI NS:  

Lahl ou et  al . ,  1998) ,  Ar eal  Nonpoi nt  Sour ce Wat er shed 

Envi r onment al  Response Si mul at i on ( ANSWERS:  De Roo et  al . ,  

1989) ,  and t he Soi l  and Wat er  Assessment  Tool  ( SWAT:  

Sr i ni vasan and Ar nol d,  1994) .   The US Ar my Cor ps of  

Engi neer s al so used a l oosel y coupl ed appr oach i nt egr at i ng 

GI S and t hei r  Hydr ol ogi c Engi neer i ng Cent er  Ri ver  Anal ysi s 

Syst em ( HEC- GeoRAS:  Acker man,  2002) .  

 

Recent l y,  a number  of  I nt er net - based hydr ol ogi c 

appl i cat i ons have been r eal i zed.   These appl i cat i ons of f er  

sever al  advant ages over  t r adi t i onal  st and- al one comput er  

appl i cat i ons.   A t ypi cal  I nt er net  appl i cat i on of f er s a 

cent r al i zed si mul at i on model  t hat  does not  r equi r e 

i nst al l at i on on l ocal  comput er s and pr ovi des access t o t he 

l at est  ver si on of  t he sof t war e at  al l  t i mes.   I nt er net  
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appl i cat i ons do not  r equi r e advanced sof t war e or  har dwar e 

f or  t he end user ,  s i nce t hese appl i cat i ons oper at e t hr ough 

a web br owser ,  wi t h most  of  t he pr ocessi ng conduct ed on t he 

ser ver .   However ,  depl oyi ng appl i cat i ons over  t he I nt er net  

al i enat es user  gr oups si nce access t o t he I nt er net  i s not  

ubi qui t ous.    

 

Two exampl es of  cur r ent l y devel oped,  web- based 

hydr ol ogi c and er osi on appl i cat i ons ar e:  1. )  t he wor k of  

Dr .  Leonar d Lane and ot her  sci ent i st s at  t he USDA- ARS 

Sout hwest  Wat er shed Resear ch Cent er  i n Tucson,  AZ and 2. )  

t he ef f or t  of  sci ent i st s at  t he USDA- FS Rocky Mount ai n 

Resear ch St at i on i n Moscow,  I D.   The Sout hwest  Wat er shed 

Resear ch Cent er  devel oped an I nt er net - based Hi l l s l ope 

Er osi on and Sedi ment  Yi el d Model  ( HEM:  

ht t p: / / ei snr . t ucson. ar s. ag. gov/ hi l l s l opeer osi onmodel ) .   The 

model  pr edi ct s r unof f  vol ume,  sedi ment  y i el d,  i nt er r i l l  and 

r i l l  det achment ,  r i l l  deposi t i on,  and mean concent r at i on of  

sedi ment  f or  hi l l s l ope segment s.   The model  est i mat es 

out put  usi ng hi l l s l ope segment  l engt hs,  s l opes,  per cent  

canopy and sur f ace gr ound cover  f or  each hi l l s l ope segment  

al ong wi t h r unof f  vol ume and a soi l  er odi bi l i t y  val ue f or  

t he ent i r e hi l l s l ope.   The HEM model  pr oduces gr aphs 
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depi ct i ng t he i nput  hi l l s l ope pr of i l e and di st r i but i on of  

cover  on t he hi l l s l ope and out put  f or  sedi ment  di schar ge,  

det achment  and deposi t i on,  and mean sedi ment  concent r at i on 

al ong t he hi l l s l ope pr of i l e.    

 

The Rocky Mount ai n Resear ch St at i on devel oped t he 

For est  Ser vi ce Wat er  Er osi on Pr edi ct i on Pr oj ect  ( FSWEPP)  

i nt er f aces,  whi ch pr ovi de t he capabi l i t y  t o eval uat e 

er osi on and sedi ment  del i ver y f r om f or est  r oads.   The 

appl i cat i on uses t he Wat er  Er osi on Pr edi ct i on Pr oj ect  

( WEPP)  model  ( Lane et  al . ,  1992)  t o est i mat e er osi on r at es 

and sedi ment  del i ver ed usi ng i nput  val ues devel oped at  t he 

Rocky Mount ai n Resear ch St at i on ( El l i ot  et  al . ,  1999) .   The 

i nt er f ace pr ovi des l i nks t o model s capabl e of  s i mul at i ng 

sedi ment  y i el d f r om a r oad segment  acr oss a buf f er ,  and 

soi l  er osi on f r om f or est  r oads,  r angel and,  f or est l and,  and 

f or est  ski d t r ai l s .    

 

Bot h t he HEM and FSWEPP appl i cat i ons per f or m 

si mul at i ons at  t he hi l l s l ope scal e and can i ncor por at e 

f i el d obser vat i ons.   They do not  pr ovi de t he capabi l i t y  t o 

est i mat e t he cumul at i ve r esponse f or  sever al  adj acent  

hi l l s l opes nor  addr ess wat er shed scal e r esponses.   Most  



  47 

 

wat er shed pr obl ems must  be addr essed at  t he wat er shed 

scal e,  and t her ef or e,  r equi r e t he appl i cat i on of  a 

wat er shed scal e model .   Thi s i ncr eases t he compl exi t y 

r equi r ed of  I nt er net  appl i cat i ons.    User s must  be pr ovi ded 

wi t h t he capabi l i t y  t o i dent i f y and del i neat e wat er sheds 

usi ng si t e speci f i c  dat a and t o summar i ze wat er shed 

char act er i st i cs f or  speci f i c  model  appl i cat i ons.   

 

§ Relational Database Management Systems 

 

Wi t h r espect  t o wat er shed management ,  r el at i onal  

dat abase management  syst ems r esear ch has f ocused on dat a 

model  devel opment .   Mai dment  ( 2002)  cr eat ed a gener i c wat er  

r esour ce dat a model  t hat  combi nes geospat i al  and t empor al  

dat a t o suppor t  hydr ol ogi c anal ysi s and model i ng.   Thi s 

Ar cHydr o appr oach pr ovi des a dat a model i ng f r amewor k t hat  

i ncl udes hydr ol ogi c net wor ks,  dr ai nage syst ems,  r i ver  

channel s,  hydr ogr aphy,  and t i me ser i es dat a.   I n addi t i on,  

Ar cHydr o pr ovi des i mpl ement at i on det ai l s f or  t he dat a 

model .    
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2. 2. 3.  Component  I nt egr at i on 

 

Two obj ect - or i ent ed model  i nt egr at i on ef f or t s have 

been conduct ed by t he USGS i n devel opi ng t he Mul t i  Model i ng 

Syst em ( MMS:  UC Boul der ,  1993)  and t he USDA ARS i n 

devel opi ng t he Obj ect  Model i ng Syst em ( OMS:  Davi d,  1997) .  

Bot h ar chi t ect ur es r epr esent  physi cal  pr ocesses as obj ect s 

as an at t empt  t o i mpr ove i nt er oper abi l i t y  bet ween model i ng 

component s.   Bot h syst ems pr ovi de obj ect s t hat  use 

di f f er ent  met hods f or  s i mul at i ng f undament al  hydr ol ogi c 

pr ocesses such as i nf i l t r at i on,  over l and f l ow,  channel ,  and 

r out i ng.   Thi s f r amewor k al l ows user s t o cr eat e cust om 

si mul at i on model s t hat  coul d combi ne t he KI NEROS channel  

r out i ng obj ect ,  t he Hydr ol ogi c Si mul at i on Pr ogr am – For t r an 

( HSPF)  i nf i l t r at i on obj ect ,  t he WEPP er osi on obj ect ,  and so 

f or t h.   The MMS model i ng f r amewor k oper at es i n a Uni x 

envi r onment  whi ch has sl owed i t s adopt i on.   OMS ut i l i zes 

Java and XML t echnol ogi es pr ovi di ng an oper at i ng syst em 

i ndependent  f r amewor k.   Bot h ef f or t s have been f aced wi t h 

chal l enges r esul t i ng f r om t he i ncompat i bi l i t y  of  

assumpt i ons and t i me st eps among t he di f f er ent  model i ng 

obj ect s.    
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2. 3.  Summar y 

 

These separ at e advances i n I nt er net  and deskt op 

geogr aphi c i nf or mat i on syst ems domai ns,  combi ned wi t h 

r esear ch on i nt egr at i ng hydr ol ogi c model i ng and GI S and 

depl oyi ng hydr ol ogi c model s v i a t he I nt er net ,  make 

desi gni ng and devel opi ng an i nt egr at ed spat i al  deci s i on 

suppor t  syst em f or  r angel and wat er shed management  possi bl e.   

Thi s r esear ch l ever ages r ecent  advances i n t echnol ogi es t o 

over come i dent i f i ed causes f or  t he l ack of  adopt i on of  

deci s i on suppor t  syst ems by Newman et  al .  ( 2000)  and Ur an 

and Janssen ( 2003) .   Ut i l i z i ng t he power  of  geogr aphi c 

i nf or mat i on syst ems t o mi ni mi ze dat a r equi r ed by user s and 

t he I nt er net  t o make t he appl i cat i on accessi bl e makes t hi s 

appl i cat i on uni que and cur r ent .   I n addi t i on,  i nt egr at i ng 

obj ect - or i ent ed desi gn pr i nci pl es and geopr ocessi ng,  and 

hydr ol ogi c model i ng Web ser vi ces i nt o t he spat i al  deci s i on 

suppor t  syst em pr ovi des a f l exi bl e,  modul ar  desi gn capabl e 

of  bei ng expanded t o i ncor por at e addi t i onal  envi r onment al  

concer ns and new si mul at i on model s.  
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CHAPTER 3 

REQUI REMENTS OF THE 

SPATI AL DECI SI ON SUPPORT SYSTEM FOR RANGELAND 

WATERSHED MANAGEMENT 

 

 

 

3. 1.  I nt r oduct i on 

 

Thi s chapt er  descr i bes t he user  r equi r ement s,  

appl i cat i on f unct i onal i t y,  and desi gn obj ect i ves f or  t he 

spat i al  deci s i on suppor t  syst em f or  r angel and wat er shed 

management .   I t  pr ovi des a f r amewor k f or  whi ch t he SDSS 

desi gn wi l l  be eval uat ed and descr i bes f unct i onal i t y 

r equi r ed of  t he appl i cat i on.   Speci f i cal l y,  a gener al  

di scussi on of  t he key f unct i onal i t y t hat  t he spat i al  

deci s i on suppor t  syst em must  i ncl ude i s pr esent ed f ol l owed 

by mor e speci f i c  use cases and use case pat hways.   I n 

addi t i on,  desi gn cr i t er i a ar e pr esent ed t o i dent i f y how t he 

spat i al  deci s i on suppor t  syst em can be expanded t o i ncl ude 

addi t i onal  hydr ol ogi c s i mul at i on model s,  accessi bl e t o 

di f f er ent  user  gr oups,  i nt er oper abl e so t hat  component s can 
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be used by ot her  syst ems,  and secur e pr ot ect i ng user ’ s 

sensi t i ve i nf or mat i on ( See Appendi x A f or  gl ossar y of  

t er ms) .    

 

3. 2.  Rangel and Wat er shed Management   

 

I n semi - ar i d wat er sheds,  cont r ol  of  er osi on on upl ands 

t o r educe sedi ment  del i ver y t o channel s gr eat l y af f ect s 

downst r eam wat er  suppl i es al ong wi t h sust ai ned capabi l i t y  

of  r angel ands t o pr oduce f or age ( Renar d,  1970) .   As a 

r esul t ,  an i mpor t ant  obj ect i ve of  r angel and wat er shed 

management  i n t he semi - ar i d sout hwest  i s t o desi gn and 

i mpl ement  management  pl ans t hat  mi ni mi ze cost s,  and have 

t he l owest  er osi on and sedi ment  y i el d f r om a def i ned ar ea 

( i . e.  a wat er shed) .   Management  pr act i ces avai l abl e t o 

r angel and wat er shed manager s when desi gni ng management  

syst ems i ncl ude t he l ocat i on and si ze of  past ur es,  l ocat i on 

and quant i t y of  wat er  poi nt s wi t hi n a past ur e,  hydr aul i c 

st r uct ur es such as det ent i on ponds t o capt ur e r unof f  and 

sedi ment ,  cr i t i cal  ar ea pl ant i ng,  adj ust i ng st ocki ng r at es,  

gr azi ng syst ems,  season of  use and dur at i on ( Hol echeck et  

al . ,  1995) .   Each of  t hese management  pr act i ces has an 

associ at ed economi c cost  and an envi r onment al  ef f ect .   As 
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mor e management  pr act i ces ar e combi ned i nt o management  

syst ems,  t he accumul at ed cost  and ef f ect  becomes di f f i cul t  

t o quant i f y and compar e wi t h ot her  syst ems.    

 

The scal e at  whi ch t he management  deci s i ons ar e made 

and spat i al  i ssues r el at ed t o r anch and wat er shed 

boundar i es compl i cat e wat er shed management  deci s i ons.   A 

wat er shed may cont ai n mul t i pl e management  syst em st r uct ur es 

such as a past ur e,  or  a management  syst em st r uct ur e may 

span mul t i pl e wat er sheds.   Mor eover ,  a wat er shed may be 

compr i sed of  mul t i pl e l andowner s,  each wi t h di f f er ent  

management  obj ect i ves.   As an exampl e,  t he Wal nut  Gul ch 

Exper i ment al  Wat er shed cont ai ns l and par cel s owned by 

pr i vat e,  st at e,  and f eder al  or gani zat i ons.   Because l and 

use l ocat i on wi t hi n a wat er shed i s ext r emel y i mpor t ant  i n 

det er mi ni ng t he hydr ol ogi c r esponse,  wat er shed management  

deci s i on must  be based on bot h what  and wher e pr act i ces ar e 

i mpl ement ed.   

 

The pr oposed spat i al  deci s i on suppor t  syst em wi l l  

assi st  r angel and wat er shed manager s eval uat e management  

syst ems t hat  i ncl ude t he pr oper t i es and l ocat i on of  

r ecogni zed management  pr act i ces.   Si nce t her e ar e numer ous 
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Best  Management  Pr act i ces ( BMPs)  t o choose f r om and a 

number  of  hydr ol ogi c model s t o per f or m t he si mul at i ons,  t he 

desi gn must  be f l exi bl e t o accommodat e new BMPs and 

si mul at i on model s.    

 

3. 3.  User  Requi r ement s 

 

The user  r equi r ement s wer e gat her ed based on exami ni ng 

t he l i t er at ur e,  t he wat er shed deci s i on- maki ng pr ocess,  and 

eval uat i ng t he capabi l i t i es of  ot her  wat er shed- based 

appl i cat i ons.   Di scussi ons wi t h wat er shed management  

exper t s at  t he Uni ver si t y of  Ar i zona and USDA- ARS Sout hwest  

Wat er shed Resear ch Cent er  i n Tucson al so pr ovi ded i nsi ght  

i nt o how t hi s appl i cat i on shoul d f unct i on and what  i t  

shoul d accompl i sh.   Based on t hese i nput s,  t he f ol l owi ng 

key r equi r ement s wer e i dent i f i ed.  

 

§ Interactive view of spatial data 

 

User s of  t he spat i al  deci s i on suppor t  syst em r equi r e 

ext ensi ve i nt er act i on wi t h spat i al  dat a t hr ough a web 

br owser .   The r equi r ed navi gat i on i ncl ude oper at i ons such 
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as pan i n t he f our  car di nal  di r ect i ons,  zoom i n and out ,  

t oggl e spat i al  l ayer s on and of f ,  and change t he or der  of  

l ayer s.   Thi s pr ovi des user s wi t h t he basi c f unct i onal i t y 

f ound i n deskt op geogr aphi c i nf or mat i on syst ems sof t war e 

v i a t he I nt er net .    

 

§ Delineate watersheds 

 

Wat er shed manager s wi l l  need t o del i neat e wat er sheds 

of  concer n t hr ough t he user  i nt er f ace.   The pr ocess shoul d 

be per f or med by l ocat i ng an out l et  on a map or  aer i al  

phot ogr aph,  and havi ng t he appl i cat i on det er mi ne t he 

wat er shed boundar y f r om t he user  speci f i ed out l et  l ocat i on.   

To si mpl i f y l ocat i ng t he out l et  l ocat i on,  t he user  wi l l  

sel ect  t he wat er shed del i neat i on t ool  and “ c l i ck”  on t he 

map t o l ocat e t he out l et  poi nt .   Once t he wat er shed 

boundar y i s del i neat ed,  t he boundar y,  al ong wi t h a 

gener al i zed st r eam channel  map,  shoul d be dynami cal l y added 

t o t he map f or  t he user  t o v i ew.  
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§ Parameterize simulation models 

 

User s wi l l  need t o par amet er i ze s i mul at i on model s f or  

a gi ven wat er shed boundar y whi l e pr ovi di ng mi ni mal  dat a as 

i nput .   User s wi l l  need t o per f or m t hr ee t ypes of  

par amet er i zat i ons:  t opogr aphi c,  soi l s,  and l and cover .   

Topogr aphi c par amet er i zat i on r equi r es t he wat er shed 

boundar y and st r eam net wor k t o be subdi v i ded or  di scr et i zed 

i nt o model i ng el ement s wi t h t opogr aphi c dependent  model  

par amet er s ( i . e.  s l ope)  cal cul at ed f or  each el ement .   The 

soi l s par amet er i zat i on wi l l  need t o cal cul at e soi l  

dependent  model  par amet er s based on user  sel ect ed di gi t al  

soi l s dat a.   Si mi l ar l y,  t he l and cover  par amet er i zat i on 

wi l l  need t o cal cul at e model  speci f i c  l and cover  par amet er s 

based on user  sel ect ed di gi t al  l and cover  dat a.    

 

§ Perform simulations on watersheds  

 

User s wi l l  need t o per f or m si mul at i ons usi ng t he 

par amet er i zed wat er sheds and vi ew r esul t s.   The si mul at i ons 

wi l l  be per f or med usi ng user  sel ect ed wat er shed and st or m 

event s.    
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§ Visualization 

 

The r esul t s wi l l  be v i ewed spat i al l y  t hr ough t he web 

i nt er f ace.   User s wi l l  need t o v i sual i ze ar eas wi t hi n a 

wat er shed t hat  pr oduce hi gher  r at es of  r unof f  and er osi on.    

 

§ Define rangeland watershed management systems 

 

User s of  t he spat i al  deci s i on suppor t  syst em wi l l  need 

t o def i ne r angel and wat er shed management  syst ems t hat  

i ncl ude appr opr i at e management  pr act i ces f or  semi - ar i d 

envi r onment s.   User s wi l l  def i ne management  syst ems by 

sel ect i ng t he desi r ed pr act i ce and l ocat i ng t he pr act i ce on 

t he map.   User s must  be abl e t o pr ovi de at t r i but es of  t he 

pr act i ce t hat  ar e st or ed by t he appl i cat i on.   User s shoul d 

be abl e t o add mul t i pl e pr act i ces t o a management  syst em,  

move t he l ocat i on of  a pr evi ousl y added pr act i ce,  or  del et e 

a management  pr act i ce f r om a syst em.  
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§ Perform simulations incorporating user defined 

management systems 

 

User s must  be capabl e of  per f or mi ng hydr ol ogi c 

s i mul at i ons i ncl udi ng t hei r  management  syst ems i n t he 

anal ysi s.   The appl i cat i on wi l l  adj ust  t he appr opr i at e 

model  par amet er s based on t he user  def i ned management  

syst em and conduct  t he s i mul at i on.   User s must  al so be 

capabl e of  v i ewi ng t he r esul t s of  s i mul at i ons i n spat i al ,  

gr aphi cal ,  and t abul ar  f or mat s.  

 

§ Compare simulation results of alternative management 

systems  

 

User s must  be capabl e of  v i ewi ng r esul t s f r om 

management  syst em al t er nat i ves.   Resul t s shoul d be 

pr esent ed i n t abul ar  f or mat  i ncl udi ng t he management  syst em 

name,  s i mul at ed val ues f or  r unof f  and sedi ment  y i el d,  and 

an est i mat e of  t he cost  of  t he management  syst em.   
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3. 4.  User  I nt er act i on 

 

The pr i mar y f unct i on of  t he i nt er net - based SDSS 

appl i cat i on i s t o al l ow t he user  t o per f or m si mul at i ons and 

desi gn management  pr act i ces f or  a gi ven sub- wat er shed /  

r anch l and uni t .   The i nt er act i on of  t he user  wi t h t he 

appl i cat i on wi l l  t ypi cal l y begi n at  t he SDSS home page and 

t er mi nat e wi t h t he management  s i mul at i on r esul t s.   The 

speci f i c  user  i nt er act i ons account ed f or  i n t he appl i cat i on 

ar e:  

 

1.  The user  connect s t o t he appl i cat i on by di r ect i ng a 

br owser  t o t he URL of  t he appl i cat i on’ s homepage.   The 

user  can br owse i nf or mat i on about  t he pr oj ect ,  r esour ces 

on management  pr act i ces,  or  a t ut or i al  of  t he pr oj ect .  

2.  At  any poi nt  of  t he i nt er act i on,  t he user  can si gn- i n t o 

t hei r  account  or  cr eat e a new account .   The user  i s 

r equi r ed t o set - up an account  t o save dat a t o t he 

dat abase.  

i .  I f  t he user  has an account ,  t hey can l ogi n usi ng a 

secur e connect i on and have access t o spat i al  dat a,  

s i mul at i on r esul t s,  and ot her  i nf or mat i on cr eat ed 

dur i ng a pr evi ous i nt er act i on.   The user  can ei t her  
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st ar t  at  t he begi nni ng of  t he appl i cat i on,  or  i f  t he 

user  st opped a pr evi ous i nt er act i on bef or e t he 

appl i cat i on was compl et ed,  t he user  wi l l  have t he 

opt i on t o cont i nue t he appl i cat i on f r om t he pr evi ous 

sessi on.    

i i .  I f  t he user  i s not  cur r ent l y a subscr i ber ,  t hey can 

pr ovi de basi c user  i dent i f i cat i on i nf or mat i on and an 

account  wi l l  be cr eat ed wi t h t he gi ven user  

name/ passwor d.   The appl i cat i on wi l l  send t he user  a 

wel comi ng emai l  not i f y i ng t hem of  t hei r  new 

subscr i pt i on and pr ovi de basi c i nf or mat i on about  t he 

appl i cat i on.  

3.  The user  can br owse t hr ough spat i al  dat a of  map l ayer s 

f or  a gi ven r egi on,  cur r ent l y sout hwest er n Ar i zona,  

whi ch wi l l  i ncl ude hydr ogr aphy,  Di gi t al  Or t ho Quar t er  

Quads ( DOQQ) ,  Di gi t al  El evat i on Model s,  Di gi t al  Li ne 

Gr aph ( DLG) ,  soi l s dat a,  l and cover  dat a,  and Census 

2000 dat a al ong wi t h cur r ent  wat er  bodi es on t he EPA’ s 

303d l i s t  wi t h t he const i t uent  f or  whi ch t he wat er  body 

i s i mpai r ed.   Thi s i nf or mat i on wi l l  be avai l abl e t o al l  

user s whi l e user - speci f i c  i nf or mat i on ( ent er ed t hr ough 

i nt er act i on 4)  wi l l  onl y be avai l abl e t o t he gi ven user .    
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4.  The user  can l ocat e t hei r  ar ea of  i nt er est  by usi ng map 

l ayer s cont ai ni ng r egi onal  and l ocal  benchmar ks.   Once 

t he user  i dent i f i es t hei r  ar ea of  i nt er est ,  t hey can 

cl i ck on t he map t o del i neat e a wat er shed boundar y t hat  

i s  dynami cal l y added t o t he map.  

5.  The user  can per f or m a si mul at i on usi ng t he boundar y by 

sel ect i ng t he s i mul at i on t ool  and cl i cki ng on t he 

boundar y.    

6.  The user  has a l i s t  of  model  par amet er  set s avai l abl e 

f or  a s i mul at i on or  can cr eat e new par amet er  set s by 

sel ect i ng on t he l and cover  or  soi l s di gi t al  dat aset .   

Once t he user  sel ect s a combi nat i on of  a soi l  and a l and 

cover  par amet er  set ,  t hey can per f or m a si mul at i on.   

Resul t s f r om t he si mul at i on ar e spat i al l y  di spl ayed on a 

map and t he user  i s pr ovi ded wi t h t he opt i on of  v i ewi ng 

di f f er ent  out put  val ues f r om t he model .  

7.  Af t er  t he user  has per f or med a s i mul at i on,  t hey have t wo 

opt i ons t o ent er  r anch i nf r ast r uct ur e i nf or mat i on:  

i .  The user  can cr eat e GI S f eat ur es v i a heads- up 

di gi t i z i ng of  t hei r  r anch i nf r ast r uct ur e.   Pr e-

def i ned f eat ur e t ype obj ect s wi l l  be avai l abl e f or  

t he user  t o choose f r om ( such as f ence l i nes,  wat er  

sour ces,  et c. )  and wi l l  cont ai n at t r i but es necessar y 
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f or  model  s i mul at i ons.   For  exampl e,  t he user  coul d 

sel ect  t he “ f ence”  f eat ur e t ype and t hen dr aw a 

pol ygon t o l ocat e t he posi t i on of  t he f ence.   

Speci f i c  at t r i but es of  t he f enced ar ea ( past ur e)  

wi l l  be ent er ed f or  t he s i mul at i ons,  and t he vi ew 

wi l l  be updat ed wi t h pr e- def i ned symbol s.   Thi s 

i nf or mat i on wi l l  be t r ansf er r ed t o per si st ent  

st or age f or  l at er  i nt er act i ons.    

i i .  The user  can upl oad exi st i ng r anch i nf r ast r uct ur e 

dat a f r om exi st i ng dat abases on l ocal  machi nes.   The 

appl i cat i on wi l l  have t o account  f or  possi bl e 

pr oj ect i on and at t r i but e di f f er ences and cor r ect  t he 

pr obl ems.  

8.  When a management  syst em i s compl et ed,  t he user  submi t s 

t he management  syst em.   Model  par amet er s ar e adj ust ed 

based on t he l ocat i on and at t r i but es of  t he management  

syst em,  and r esul t s ar e r et ur ned t o t he user  i n a 

gr aphi cal ,  t abul ar ,  and spat i al  f or mat .    

9.  The pr evi ous st ep can be r epeat ed mul t i pl e t i mes 

al l owi ng user s t o compar e t he pr edi ct ed out comes of  

di f f er ent  management  syst ems on pr oduci ng r unof f  and 

sedi ment .    
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10.  Fi nal l y,  t he user  can l ogout  of  t he appl i cat i on and t he 

cur r ent  st at us of  t he i nt er act i on wi l l  be saved f or  t he 

next  i nt er act i on.    

 

Thi s i s a t ypi cal  user  i nt er act i on wi t h t he f ul l y 

f unct i onal  SDSS appl i cat i on.   The appl i cat i on wi l l  i ncl ude 

addi t i onal  f unct i onal i t y such as a spat i al  quer y modul e 

t hat  wi l l  assi st  t he user  i n i dent i f y i ng l ocat i ons of  

i nt er est  f or  t hei r  s i mul at i on.   Locat i ons can be quer i ed by 

c i t y,  st r eet  i nt er sect i ons,  or  par cel  i d.    Whi l e t he 

i nt er act i on pr esent ed above i s f r om a si ngl e user ’ s poi nt  

of  v i ew,  t he appl i cat i on wi l l  be capabl e of  suppor t i ng 

mul t i pl e i nt er act i ons s i mul t aneousl y.     

 

3. 5.  Use Cases 

 

Use cases capt ur e t he cor e behavi or  of  an appl i cat i on 

wi t hout  speci f y i ng how t he behavi or  i s i mpl ement ed ( Booch 

et  al . ,  1999) .   El even use cases ar e i dent i f i ed t hat  ar e 

r equi r ed f or  t he SDSS t o f aci l i t at e t he deci s i on pr ocess 

( Fi gur e 3. 1) .  
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Case 1:   Cr eat e Account  – The user  cr eat es a new 

account  by pr ovi di ng a user name,  passwor d,  and cont act  

i nf or mat i on.   

 

Case 2:   Logi n – The user  pr ovi des a user name and 

passwor d and i f  aut hent i cat ed,  he/ she i s pr ovi ded 

access t o t hei r  dat a.  

 

Case 3:   Al t er  Map – The user s sel ect s a map oper at i on 

t ool  and cl i cks on t he map.   A new map i s di spl ayed 

based on t he oper at i on per f or med by t he user .   

 

Case 4:   Del i neat e Wat er shed – The user  l ocat es a 

wat er shed out l et  by c l i ck i ng on a map.   Fr om t he user  

ent er ed l ocat i on,  a wat er shed boundar y i s cr eat ed and 

added t o t he map.    

 

Case 5:   Topogr aphi c Model  Par amet er i zat i on – The 

user s sel ect s t he boundar y f or  whi ch t he t opogr aphi c 

par amet er i zat i on wi l l  be per f or med.   The wat er shed 

boundar y i s subdi v i ded i nt o model i ng el ement s and 

model  speci f i c  par amet er  val ues ar e est i mat ed based on 

t he di gi t al  el evat i on model  used i n t he anal ysi s.    
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Case 6:   Soi l  Model  Par amet er i zat i on – For  a gi ven 

t opogr aphi c par amet er i zat i on,  t he user  sel ect s t he 

di gi t al  soi l s l ayer  and t he model  par amet er i zat i on i s 

per f or med.  

 

Case 7:   Land Cover  Model  Par amet er i zat i on – For  a 

gi ven t opogr aphi c par amet er i zat i on,  t he user  sel ect s 

t he di gi t al  l and cover  l ayer  and t he model  

par amet er i zat i on i s per f or med.  

 

Case 8:   Per f or m Hydr ol ogi c Si mul at i on – The user  

sel ect s t he soi l s par amet er  set ,  t he l and cover  

par amet er  set ,  and t he pr eci pi t at i on event  and a model  

s i mul at i on i s per f or med.   The r esul t s f r om t he 

si mul at i on ar e di spl ayed spat i al l y  and di f f er ent  

out put  val ues can be sel ect ed by t he user s f or  

di spl ay.  

 

Case 9:   Cr eat e Management  Syst em – The user  sel ect s 

t he management  pr act i ce t hey want  t o i ncl ude i n t he 

management  syst em.   The user  t hen l ocat es t he syst em 

by “ poi nt i ng”  and “ c l i ck i ng”  on t he map.   The user  
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al so has t he opt i on t o at t r i but e t he management  

pr act i ce,  and move or  del et e t he pr act i ce.  

 

Case 10:   Per f or m Management  Si mul at i on – For  t he 

cur r ent  management  syst em,  t he user  per f or ms a new 

si mul at i on t o est i mat e t he r unof f  and sedi ment  y i el d.   

I nt er medi at e model s and subr out i nes ar e ut i l i zed t o 

est i mat e l i vest ock di st r i but i on pr ovi ded t he t ype and 

l ocat i on of  management  pr act i ce ( i . e.  past ur e 

boundar i es and wat er  poi nt s) .   Hydr ol ogi c s i mul at i on 

model  par amet er  val ues ar e adj ust ed and si mul at i ons 

ar e per f or med.    

 

Case 11:   Vi ew Resul t s – Once user s have compl et ed a 

s i mul at i on t hat  i ncl udes user  def i ned management  

syst ems,  t he user  can vi ew t he r esul t s.   Resul t s ar e 

pr esent ed i n a gr aphi cal ,  t abul ar ,  and spat i al  f or mat .    
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User

Create Account

Login

Alter Map

Delineate Watershed

Create Management System

Topographic Model
Parameterization

Land Cover Model
Parameterization

Soil Model Parameterization

Perform Hydrologic
Simulation

Perform Management
Simulation

View Results

SDSS

 
 

Fi gur e 3. 1 Use Cases f or  t he Spat i al  Deci s i on Suppor t  
Syst em f or  r angel and wat er shed management  
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3. 6.  Use Case Pat hways 

 

Whi l e Use Cases pr ovi de t he over al l  f unct i onal i t y of  

t he spat i al  deci s i on suppor t  syst em,  Use Case Pat hways 

i l l ust r at e a f i ner  gr ai ned,  pr ocedur al  per spect i ve f or  how 

t he Use Cases ar e accompl i shed.   Use Case Pat hways 

hi ghl i ght  t he i ndi v i dual  st eps r equi r ed t o i mpl ement  a Use 

Case.  

 

Case 1:   Cr eat e Account  

a)  User  sends account  i nf or mat i on 

b)  Syst em ver i f i es t hat  t he user name i s uni que 

c)  Syst em l oads user  dat a i nt o t he dat abase 

d)  Syst em gener at es sessi on r equi r ement s f or  t he 

user  

 

Case 2:   Logi n 

a)  User  post s user name and passwor d 

b)  Syst em ver i f i es user  i nf or mat i on  

c)  I f  successf ul ,  syst em gener at es sessi on 

r equi r ement s f or  t he user  
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Case 3:   Al t er  Map 

a)  User  sends r equest s t hat  wi l l  be per f or med on a 

map 

b)  Syst em per f or ms t he act i on( s)  r ecei ved  

c)  Syst em gener at es new map 

d)  Syst em r et ur ns l ocat i on of  map t o user  

 

Case 4:   Del i neat e Wat er shed 

a)  User  sends t he coor di nat es of  t he wat er shed 

out l et  

b)  Syst em del i neat es t he wat er shed based on t he 

out l et  l ocat i on 

c)  I f  t he user  i s s i gned i n,  syst em st or es wat er shed 

boundar y i n t he dat abase 

d)  Syst em cal l s Al t er  Map Use Case addi ng t he 

del i neat ed wat er shed t o t he map  

e)  Syst em gener at es a new map 

f )  Syst em r et ur ns t he l ocat i on of  map t o user  

 

Case 5:   Topogr aphi c Model  Par amet er i zat i on 

a)  User  sel ect s t he wat er shed boundar y and t he model  

t o per f or m t he t opogr aphi c par amet er i zat i on 

b)  Syst em per f or ms t he t opogr aphi c par amet er i zat i on  
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c)  I f  t he user  i s s i gned i n,  t he syst em adds t he 

r esul t s t o t he map usi ng t he Al t er  Map Use Case 

d)  Syst em gener at es a new map 

e)  Syst em r et ur ns t he map l ocat i on t o t he user  

 

Case 6:   Soi l s Model  Par amet er i zat i on 

a)  User  sel ect s t he t opogr aphi c par amet er  set ,  soi l s 

cover age,  and l ook- up t abl e t o per f or m soi l s 

par amet er i zat i on 

b)  Syst em per f or ms t he soi l s par amet er i zat i on  

c)  I f  t he user  i s s i gned i n,  t he syst em st or es t he 

r esul t s i n t he dat abase 

 

Case 7:   Land Cover  Model  Par amet er i zat i on 

a)  User  sel ect s t he t opogr aphi c par amet er  set ,  l and 

cover  gr i d,  and l ook- up t abl e t o per f or m l and 

cover  par amet er i zat i on 

b)  Syst em per f or ms t he l and cover  par amet er i zat i on  

c)  I f  t he user  i s s i gned i n,  t he syst em st or es t he 

r esul t s i n t he dat abase 
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Case 8:   Per f or m Hydr ol ogi c Si mul at i on 

a)  User  sel ect s t he t opogr aphi c par amet er  set ,  l and 

cover  par amet er  set ,  soi l s par amet er  set  

b)  Syst em gener at es t he par amet er  f i l e( s)   

c)  Syst em gener at es t he pr eci pi t at i on f i l e  

d)  Syst em per f or ms t he model  s i mul at i on sendi ng t he 

i nput  f i l es t o t he hydr ol ogi c s i mul at i on model  

e)  Syst em adds t he r esul t s f or  each el ement  t o t he 

map usi ng t he Al t er  Map use case 

f )  Syst em gener at es a new map 

g)  Syst em cr eat es a gr aph f or  t he t i me ser i es 

r esul t s 

h)  Syst em r et ur ns map and gr aph t o t he user  

 

Case 9:   Cr eat e Management  Syst em 

a)  User  del i neat es t he management  syst em on t he 

scr een usi ng di gi t i z i ng t ool s pr ovi ded by t he 

syst em 

b)  User  sends management  syst em t o t he appl i cat i on 

c)  Syst em st or es t he management  syst em i n t he 

dat abase 
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Case 10:   Per f or m Management  Si mul at i on 

a)  User  sends t he management  syst em t hat  wi l l  be 

used i n t he s i mul at i on  

b)  Syst em modi f i es t he base management  s i mul at i on  

c)  Syst em gener at es t he par amet er  f i l e cont ai ni ng 

t he management  adj ust ed par amet er s 

d)  Syst em gener at es t he pr eci pi t at i on f i l e  

e)  Syst em per f or ms t he si mul at i on sendi ng t he i nput  

f i l es t o t he hydr ol ogi c s i mul at i on model  

f )  Syst em adds t he r esul t s f or  each el ement  t o t he 

map usi ng t he Al t er  Map use case 

g)  Syst em gener at es a new map 

h)  Syst em cr eat es a new gr aph addi ng t he new t i me 

ser i es r esul t s t o exi st i ng s i mul at i on r esul t s 

i )  Syst em r et ur ns map and gr aph t o t he user  

 

Case 11:   Vi ew Resul t s 

a)  User  sel ect s t he f or mat  f or  r esul t s di spl ay.   

User  has t he opt i on t o v i ew r esul t s i n a t abul ar ,  

gr aphi cal ,  or  spat i al  f or mat .    

b)  User  sel ect ed f or mat  i s di spl ayed f or  t he user  
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3. 7.  Addi t i onal  Desi gn Consi der at i ons 

 

I n addi t i on t o t he user  r equi r ement s i dent i f i ed above,  

t he spat i al  deci s i on suppor t  syst em wi l l  need t o meet  

cer t ai n desi gn cr i t er i a t o ensur e i t  t o be adopt ed by user s 

and expanded wi t h new f eat ur es.   Speci f i cal l y,  t he SDSS 

wi l l  need t o be ext ensi bl e so t hat  new si mul at i on model s 

and management  pr act i ces can be added i n t he f ut ur e,  

accessi bl e so t hat  user s have t he oppor t uni t y t o use t he 

appl i cat i on,  i nt er oper abl e so t hat  exi st i ng component s can 

be i ncor por at ed i nt o ot her  appl i cat i ons,  and secur e so t hat  

user s ar e comf or t abl e st or i ng dat a i n t he appl i cat i on.   

These cr i t er i a ar e di scussed i n gr eat er  det ai l  bel ow.  

 

3. 7. 1.  Ext ensi bl e 

 

The use of  physi cal l y based hydr ol ogi c t echnol ogy i s 

domai n,  spat i al ,  and t empor al  speci f i c  s i nce hydr ol ogi c 

s i mul at i on model s ar e devel oped t o addr ess cer t ai n 

envi r onment al  pr obl ems and model s s i mul at e t he domi nant  

hydr ol ogi c pr ocesses.   These model s cont ai n compl ex 

equat i ons t hat  ar e abst r act i ons of  r eal i t y.   As a r esul t ,  

model s devel oped f or  cer t ai n geogr aphi c r egi ons ar e not  
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appl i cabl e t o ot her  geogr aphi c r egi ons.   For  exampl e,  t he 

domi nant  r unof f  gener at i ng mechani sm i n t he semi - ar i d 

sout hwest  i s Hor t oni an over l and f l ow and si nce hydr ol ogi c 

f l ow pat hs such as i nt er f l ow ar e negl i gi bl e,  model s 

devel oped f or  t hi s r egi on of t en i gnor e t hi s component .   

However ,  i n r egi ons such as t he f or est ed Paci f i c  Nor t hwest ,  

sur f ace r unof f  i s  of t en i nsi gni f i cant  as i nt er f l ow i s t he 

domi nant  r unof f  gener at i ng f l ow pat h.   Tempor al  

consi der at i ons such as spr i ng snowmel t  or  summer  convect i ve 

t hunder st or ms need t o be i ncl uded i n t he s i mul at ed 

pr ocesses.   Mor eover ,  s i nce si mul at i on model s cont ai n 

di f f er ent  hydr ol ogi c pr ocess r epr esent at i on,  t he par amet er s 

r equi r ed by model s al so di f f er .    

 

I n addi t i on t o t he di f f er ences i n pr ocess descr i pt i on 

bet ween model s,  t he ont ol ogi cal  r epr esent at i on of  

wat er sheds i n s i mul at i ons model s al so di f f er s.   As a 

wat er shed i s di v i ded i nt o hydr ol ogi cal l y homogenous uni t s,  

t he r epr esent at i on of  t he ar ea by hydr ol ogi c s i mul at i on 

model s di f f er s.   Common model  di scr et i zat i on schemas 

i ncl ude t he si ngl e upl and el ement  ( Fi gur e 3. 2a)  wher e each 

channel  el ement  has onl y one cont r i but i ng upl and el ement ,  

t he “ open- book”  r epr esent at i on ( Fi gur e 3. 2b)  wher e each 
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channel  el ement  has t wo l at er al  upl and el ement s wi t h each 

upl and el ement  cont r i but i ng t o ei t her  s i des of  t he channel ,  

and a gr i d r epr esent at i on ( Fi gur e 3. 2c)  wher e wat er sheds 

ar e subdi v i ded i nt o uni f or m pi xel s wi t h each pi xel  

r epr esent i ng a hydr ol ogi cal l y homogenous uni t .    

 

 

 

 

 

 a b c 

Fi gur e 3. 2.   Di f f er ent  wat er shed r epr esent at i ons i n 
hydr ol ogi c s i mul at i on model s.   ( a)  a s i ngl e cont r i but i ng 
el ement  t o st r eam channel ,  ( b)  open book conf i gur at i on 
wher e mul t i pl e upl and el ement s cont r i but e t o a st r eam 
channel ,  and ( c)  gr i d r epr esent at i on wher e wat er shed i s 
subdi v i ded i nt o gr i d cel l s.  

 

 

Hydr ol ogi c model s have di f f er ent  t empor al  

r epr esent at i ons f or  whi ch pr ocesses ar e s i mul at ed and ar e 

c l assi f i ed as ei t her  cont i nuous- t i me model s or  event - based 

model s ( Si ngh,  1995) .   Event  based model s per f or m 

si mul at i ons f or  s i ngl e pr eci pi t at i on st or ms wher e pr ocesses 

ar e of t en s i mul at ed on hour l y or  smal l er  t i me st eps.   These 
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model s i ncl ude pr ocesses t o est i mat e t he hydr ol ogi c 

r esponse gi ven a s i ngl e r ai nf al l  event .   Ther ef or e,  

ant ecedent  condi t i ons such as soi l  moi st ur e ar e r equi r ed as 

i nput  par amet er s t o t he model .   Cont i nuous hydr ol ogi c 

model s s i mul at e pr ocesses f r om sever al  year s t o decades,  

f r equent l y at  dai l y or  l onger  t i me st eps.   These model s 

must  i ncl ude pr ocesses t o s i mul at e changes i n soi l  moi st ur e 

and di f f er ences i n evapot r anspi r at i on r at es t hr ough t he 

year .    

 

Because hydr ol ogi c model s di f f er  i n t hei r  pr ocesses 

si mul at ed,  par amet er  r equi r ement s,  wat er shed 

r epr esent at i on,  and t empor al  r epr esent at i on,  t he spat i al  

deci s i on suppor t  syst em must  be ext ensi bl e pr ovi di ng t he 

capabi l i t y  t o i ncl ude new model s wi t h l i t t l e modi f i cat i on.   

Ext ensi bl e i s def i ned as a syst em t hat  can be modi f i ed by 

changi ng or  addi ng f eat ur es.   I n maki ng t he SDSS 

ext ensi bl e,  new model s t hat  pot ent i al l y  addr ess di f f er ent  

envi r onment al  i ssues ( t hr eat ened and endanger ed speci es,  

f or  exampl e) ,  and spat i al  and t empor al  r esol ut i ons coul d be 

easi l y i ncl uded i n t he deci s i on suppor t  syst em.   

 

 



76 

 

3. 7. 2.  I nt er oper abl e  

 

Because wat er shed management  deci s i on maki ng r equi r es 

a coor di nat ed ef f or t  bet ween st akehol der s r epr esent i ng 

di f f er ent  gr oups and l evel s of  gover nment ,  i nt egr at ed 

deci s i on suppor t  syst ems shoul d f aci l i t at e i nt er act i on and 

communi cat i on among agenci es’  i nf or mat i on syst ems t o make 

t he gr oup deci s i on- maki ng pr ocess mor e ef f i c i ent .   However ,  

di f f er ent  compet i ng appl i cat i on pr ogr ammi ng pl at f or ms ( i . e.  

Java,  Vi sual  Basi c,  FORTRAN,  et c. ) ,  oper at i ng syst ems ( i . e.  

Wi ndow,  Uni x,  Li nux,  et c. ) ,  and dat abase management  syst ems 

( i . e.  Or acl e 9i ,  MS SQL Ser ver ,  MySQL,  et c. )  make 

communi cat i on di f f i cul t  or  i mpossi bl e.   St andar di z i ng 

pr ogr ammi ng l anguages,  oper at i ng syst ems,  and dat abase 

management  syst ems f or  wat er shed management  st akehol der s i s 

i mpr act i cal  because di f f er ent  gr oups have di st i nct  budget s,  

l egacy syst ems,  and r equi r ement s f or  t hei r  I T 

i nf r ast r uct ur e.   Cr eat i ng a cent r al i zed dat abase r eposi t or y 

cont ai ni ng wat er shed management  dat a f or  deci s i on maki ng i s 

a possi bi l i t y ,  but  l eads t o l ogi st i cal  i ssues such as what  

dat a shoul d be cont ai ned i n t he dat abase,  who admi ni st er s 

t he dat abase,  how of t en i s t he dat abase updat ed,  and who 

pays f or  i nf r ast r uct ur e.   Component  based f r amewor ks have 
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been adopt ed such as Mi cr osof t ’ s Component  Obj ect  Model  

( COM) ,  but  l ack t he i ncl usi on of  al l  pr ogr ammi ng l anguages 

and al l  oper at i ng syst ems.   A st andar di zed i nt er f ace t hat  

i s bot h pr ogr ammi ng l anguage and pl at f or m i ndependent  

shoul d be ut i l i zed when devel opi ng i nt egr at ed wat er shed 

deci s i on suppor t  syst ems because i t  al l ows t he di f f er ent  

management  I T syst ems t o i nt er oper at e.    

 

Year s of  r esear ch and devel opment  have been spent  on 

devel opi ng si mul at i on model s t hat  encapsul at e our  

under st andi ng of  envi r onment al  pr ocesses.   These 

appl i cat i ons r epr esent  t he cur r ent  st at e of  knowl edge and 

shoul d be l ever aged i n t he deci s i on- maki ng pr ocess.   

However ,  t hese model s ar e of t en devel oped usi ng 

t echnol ogi es whi ch make i nt er act i on wi t h t oday’ s obj ect -

or i ent ed,  web- based t echnol ogi es cumber some or  i mpossi bl e.   

Because di f f er ent  pr ogr ammi ng l anguages ar e devel oped f or  

di f f er ent  pur poses,  l anguages t hat  ar e comput at i onal l y 

ef f i c i ent  ar e of t en not  compat i bl e wi t h l anguages t hat  have 

ext ensi ve l i br ar i es f or  I nt er net  devel opment ,  and no si ngl e 

l anguage i s i deal  f or  al l  appl i cat i ons.   Ther ef or e,  an 

i nt egr at ed deci s i on suppor t  syst em must  be capabl e of  

i ncor por at i ng l egacy appl i cat i ons t hat  ar e bui l t  wi t h 
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t echnol ogi es t hat  do not  communi cat e wi t h I nt er net  capabl e 

pr ogr ammi ng l anguages.  

 

The Spat i al  Deci s i on Suppor t  Syst em must  be desi gned 

and i mpl ement ed usi ng i nt er oper abl e component s t hat  can be 

ut i l i zed by ot her  appl i cat i ons and/ or  ot her  r esour ce 

agenci es.   The obj ect i ve i s t o cr eat e component s t hat  can 

be i nt egr at ed i nt o new appl i cat i ons i ndependent  of  

l ocat i on,  pr ogr ammi ng l anguages,  oper at i ng syst ems,  and 

dat abase management  syst ems.   Achi evi ng t hi s obj ect i ve 

pr ovi des t he f l exi bi l i t y  and i ndependence f r om commer ci al  

of f - t he- shel f  ( COTS)  GI S envi r onment s such as ESRI  Ar cVi ew 

3. X ( ESRI ,  1998)  wher e t r adi t i onal l y,  appl i cat i ons had t o 

be r ewr i t t en as COTS deskt op envi r onment  changed.   As used 

i n t hi s cont ext ,  i nt er oper abi l i t y  i s  t he abi l i t y  f or  

syst ems or  sof t war e component s of  a syst em t o oper at e 

r eci pr ocal l y,  over comi ng bar r i er s i mposed by het er ogeneous 

pr ocessi ng envi r onment s and het er ogeneous dat a ( Buehl er  and 

Mckee,  1998) .    
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3. 7. 3.  Accessi bl e 

 

Tr adi t i onal  deci s i on suppor t  syst ems wer e devel oped as 

s i ngl e comput er  appl i cat i ons such as DOS or  UNI X based 

syst ems i n t he 1970s and Wi ndows i n t he 1990s ( Shi m et  al . ,  

2002) .   These wor kst at i on- based appl i cat i ons pr esent  

chal l enges f or  user s who ar e r equi r ed t o mai nt ai n 

appl i cat i ons whi ch i s a daunt i ng t ask f or  many non-

t echni cal  l and manager s.   Mor eover ,  s i nce t he spat i al  

sof t war e i ncor por at ed i nt o spat i al  deci s i on suppor t  syst ems 

i s of t en pr opr i et ar y,  t he cost  and exper t i se r equi r ed t o 

oper at e t hese appl i cat i ons exceeds t hat  of  t he maj or i t y of  

r angel and management  st akehol der s.   Ther ef or e,  t he pr oposed 

appl i cat i on must  be made avai l abl e t o st akehol der s who do 

not  have access t o COTS GI S sof t war e or  ext ensi ve comput er  

exper i ence.  

 

3. 7. 4.  Secur e 

 

Secur i t y i s al ways a concer n i n I nt er net  envi r onment s 

and r epor t s on secur i t y br eaches i n I nt er net  envi r onment s 

ar e f r equent l y document ed ( Pal mer  and Hel en,  2001) .   I f  

web- based appl i cat i ons ar e goi ng t o be i nt egr at ed i nt o t he 
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deci s i on- maki ng pr ocess,  pr ecaut i ons need t o t aken t o 

assur e appl i cat i on secur i t y.   The SDSS wi l l  cont ai n dat a 

t hat  user s may consi der  “ sensi t i ve” ,  such as management  

act i v i t i es on pr i vat e l ands.   Secur e appl i cat i ons can l ead 

t o user s t r ust i ng t he desi gn and ar chi t ect ur e of  t he 

appl i cat i on;  conver sel y,  user s ar e unwi l l i ng t o expose 

t hemsel ves t o unnecessar y r i sks.   The pr oposed appl i cat i on 

must  pr ovi de a secur e envi r onment  t o st or e user  speci f i c  

dat a.    
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CHAPTER 4 

DEVELOPMENT OF A PROTOTYPE SPATI AL 

DECI SI ON SUPPORT SYSTEM 

 

 

 

4. 1.  I nt r oduct i on 

 

Chapt er  4 descr i bes t he desi gn and devel opment  of  t he 

Spat i al  Deci s i on Suppor t  Syst em.   The appl i cat i on desi gn 

f ol l ows f r om t he desi gn obj ect i ves,  f unct i onal i t y,  and 

r equi r ement s descr i bed i n Chapt er  3.   Thi s chapt er  f i r st  

pr esent s t he concept ual  desi gn and i ncl udes a di scussi on of  

t he i ndi v i dual  component s of  t he SDSS;  speci f i cal l y,  t he 

component s i ncl ude I nt er net  Geogr aphi c I nf or mat i on Syst ems,  

geopr ocessi ng component s,  a Dat abase Management  Syst em 

st or i ng bot h spat i al  and aspat i al  dat a,  and si mul at i on 

model s.   Fol l owi ng a di scussi on of  t he i ndi v i dual  

component s,  t he i mpl ement at i on of  t hese component s 

i nt egr at ed i nt o one syst em i s i l l ust r at ed.   Fi nal l y,  t he 

i mpl ement at i on of  t he desi gn i s eval uat ed based on t he 

desi gn obj ect i ves pr esent ed i n Chapt er  3 and t he benef i t s 
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of  t he SDSS ar chi t ect ur e ar e di scussed.   Scr een capt ur es of  

t he SDSS ar e pr esent ed i n Appendi x B.  

 

4. 2.  Concept ual  Desi gn 

 

Fr om an abst r act  per spect i ve,  a deci s i on suppor t  

syst em f r amewor k has f our  gener i c component s t hat  ar e basi c 

el ement s of  any DSS whi ch i ncl ude ( 1)  a l anguage syst em,  

( 2)  a pr esent at i on syst em,  ( 3)  a knowl edge syst em,  and ( 4)  

a pr obl em- pr ocessi ng syst em ( Bonczek,  Hol sappl e,  and 

Whi nst on,  1980;  Bonczek,  Hol sappl e,  and Whi nst on,  1981,  Dos 

Sant os and Hol sappl e,  1989,  Hol sappl e and Whi nst on,  2001) .   

The l anguage syst em and pr esent at i on syst em consi st  of  

r equest s and r esponses t he deci s i on suppor t  syst em can 

accept  and emi t .   The knowl edge syst em cont ai ns t he 

i nf or mat i on or  i nt el l i gence t he DSS has st or ed and r et ai ned 

( Hol sappl e and Whi nst on,  2001) .   These t hr ee component s by 

t hemsel ves ar e i ncapabl e of  per f or mi ng deci s i on suppor t  

t asks,  but  r at her  r epr esent  t he capabi l i t i es of  t he 

deci s i on suppor t  syst em.   The f our t h syst em,  t he pr obl em-

pr ocessi ng syst em i s t he act i ve component  t hat  coor di nat es 

t he i nt er act i on bet ween t he l anguage syst em,  t he 

pr esent at i on syst em,  and t he knowl edge syst em.   The 
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i nt er act i on bet ween t hese f our  component s i s i l l ust r at ed i n 

Fi gur e 4. 1.    

 

 

 

 

 

Fi gur e 4. 1  Component s i n a gener i c deci s i on suppor t  syst em 
( f r om Hol sappl e and Whi nst on,  2001)  

 

 

A Spat i al  Deci s i on Suppor t  Syst em can be consi der ed as 

a subt ype of  t he gener i c deci s i on suppor t  syst em descr i bed 

by Hol sappl e and Whi nst on ( 2001) .   Col l ect i vel y,  t he 

i ndi v i dual  component s per f or m f unct i ons assi st i ng user s i n 

t he deci s i on pr ocess.   The pr obl em pr ocessi ng syst em of  t he 

gener i c DSS cont ai ns appl i cat i on l ogi c devel oped f r om t he 

use- cases pr esent ed above and cont r ol s t he sequence i n 

whi ch component s ar e cal l ed and dat a ar e passed.   Thi s 

appl i cat i on l ogi c i s housed on t he ser ver  and act s as t he 

i nt er medi ar y bet ween t he cl i ent  and t he SDSS component s.   

I t  r ecei ves t he r equest  f r om t he l anguage syst em cont ai ni ng 

i nst r uct i ons f or  what  t he user  want s per f or med and r et ur ns 

Language 
Syst em 

Pr esent at i on 
Syst em 

 

Pr obl em 
Pr ocessi ng 

Syst em 

 
Knowl edge 

Syst em 
r esponse 

r equest  

User  
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i nf or mat i on t o t he pr esent at i on syst em,  whi ch ar e passed t o 

t he c l i ent .   The knowl edge syst em component s ar e compr i sed 

of  geopr ocessi ng component s,  I nt er net  GI S,  a r el at i onal  

dat abase management  syst em,  and si mul at i on model i ng 

t echnol ogy.   Geogr aphi c I nf or mat i on Syst em t echnol ogy i s 

used i n I nt er net  GI S and geopr ocessi ng component s al l owi ng 

spat i al  dat a t o be vi ewed t hr ough t he I nt er net ,  and 

geopr ocessi ng capabi l i t i es t o be embedded i n t he 

appl i cat i on.   Fi gur e 4. 2 i l l ust r at es a hi gh l evel  

per spect i ve of  t he Spat i al  Deci s i on Suppor t  Syst em 

ar chi t ect ur e and a det ai l ed di scussi on of  each component  i s 

pr esent ed bel ow.    
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Cl i ent
Appl i cat i on

Logi c Dat abase

I nt er net  Map
Ser ver

Si mul at i on
Model s

Geopr ocessi ng
Component s

Spat i al  Deci si on
Suppor t  Syst em

 

Fi gur e 4. 2 Concept ual  Over vi ew of  t he Spat i al  Deci s i on 
Suppor t  Syst em 

 

4. 2. 1.  I nt er net  GI S – I nt er net  Map Ser ver  

 

To pr ovi de user s wi t h a spat i al  per spect i ve,  an 

I nt er net  map ser ver  i s used t o pr oduce i mages t hat  ar e 

pr esent ed t o t he c l i ent .   The map ser ver  pr oduces i mages 

usi ng spat i al  dat a r et r i eved f r om bot h l ocal  dr i ves and t he 

dat abase management  syst em.   The spat i al  deci s i on suppor t  

syst em gener at es a new i mage based on how t he user  

i nt er act s wi t h t he c l i ent  appl i cat i on.   For  exampl e,  t he 

SDSS al l ows user s t o t oggl e spat i al  l ayer s on and of f ,  

change t he per spect i ve of  t he map,  and change t he or der  of  
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t he map l ayer s.   The map ser ver  al so gener at es i mages t hat  

cont ai n dynami cal l y gener at ed spat i al  dat a;  af t er  

s i mul at i ons ar e per f or med,  r esul t s ar e added t o a map i mage 

and r et ur ned t o t he c l i ent .    

 

4. 2. 2.  Geopr ocessi ng Component s 

 

The geopr ocessi ng component s pr ovi de t he capabi l i t y  t o 

per f or m hydr ol ogi c anal ysi s and pr epar e model  par amet er s 

al ong wi t h s i mul at i ng ef f ect s of  r angel and management  

pr act i ces.   These component s have embedded GI S f unct i ons 

gi v i ng user s access t o GI S t echnol ogy wi t hout  t he 

compl exi t i es or  expense of  usi ng commer ci al  of f  t he shel f  

pr oduct s.   The geopr ocessi ng component s i n t he SDSS per f or m 

wat er shed boundar y del i neat i on,  t opogr aphi c 

par amet er i zat i on,  l and cover  par amet er i zat i on,  soi l s 

par amet er i zat i on,  and est i mat e l i vest ock di st r i but i on and 

i mpact s.    

 

4. 2. 3.  Si mul at i on Model s 

 

A pr i mar y knowl edge sour ce i n t he spat i al  deci s i on 

suppor t  syst em i s t he hydr ol ogi c s i mul at i on model  t hat  
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encapsul at es decades of  r esear ch on t he f undament al  

hydr ol ogi c pr ocesses.   The SDSS cont ai ns t he Ki nemat i c 

Runof f  and Er osi on Model  ( KI NEROS;  Smi t h et  al . ,  1995)  

whi ch has a l ong hi st or y of  appl i cat i ons i n sout hwest er n 

Ar i zona ( Wool hi ser  et  al . ,  1990;  Goodr i ch,  1991;  Mi l l er  et  

al . ,  2002) .   Det ai l ed i nf or mat i on on KI NEROS i s pr esent ed 

i n Appendi x C.   Wi t hi n t he SDSS,  t he s i mul at i on model  

component s est i mat e t he i mpact  of  management  on r unof f  and 

er osi on f r om user - sel ect ed wat er sheds.   Fut ur e addi t i ons t o 

t he SDSS wi l l  i ncl ude t he Soi l  Wat er  Assessment  Tool  ( SWAT;  

Ar nol d et  al . ,  1998)  and t he Ar i d Basi n Model  ( ARDBSN;  

St one et  al . ,  1986) .  

 

4. 2. 4.  Dat abase Management  Syst em 

 

The Dat abase Management  Syst em cont ai ns bot h gl obal  

and user  speci f i c  i nf or mat i on.   The gl obal  i nf or mat i on 

consi st s of  bot h spat i al  and aspat i al  dat a t hat  ar e used t o 

per f or m si mul at i ons.   Dat a such as l and cover  and soi l s 

dat aset s capt ur e t he var i abi l i t y  of  physi cal  par amet er s 

t hr ough space t hat  ar e i ncor por at ed i nt o t he model i ng 

pr ocess.   Exampl es of  aspat i al  dat a i ncl ude t he hydr ol ogi c 
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par amet er  val ues r el at i ng t he physi cal  pr oper t i es of  t he 

veget at i on or  soi l s t o model  i nput  par amet er s.    

 

The Ent i t y Rel at i onshi p Di agr am ( Fi gur e 4. 3)  pr ovi des 

a concept ual  v i ew of  t he dat abase desi gn.   The compl i cat ed 

aspect s of  t he desi gn r esul t  f r om dependenci es i n 

hydr ol ogi c model i ng par amet er s on si mul at i on model s,  i . e.  

model  par amet er s der i ved f or  one si mul at i on model  do not  

appl y f or  a di f f er ent  s i mul at i on model .   The descr i pt i on of  

t he model  par amet er  domai n begi ns wi t h t he BOUNDARY ent i t y 

t hat  cont ai ns del i neat ed wat er shed boundar i es cr eat ed f r om 

one of  t he geopr ocessi ng component  di scussed above.   A 

wat er shed boundar y can be subdi v i ded mul t i pl e t i mes,  each 

of  whi ch i s r ef er r ed t o as a t opogr aphi c par amet er  set  

( TOPOPARAMSETS)  t hat  cont ai ns met adat a about  t he 

di scr et i zat i on pr ocess.   Each t opogr aphi c par amet er  set  

( TOPOPARAMSETS)  can have many subwat er sheds ( SUBWATERSHEDS)  

r epr esent i ng t he pol ygonal  model i ng el ement  of  t he 

wat er shed.   Each model i ng el ement  ( SUBWATERSHEDS)  has 

associ at ed t opogr aphi c par amet er s ( TOPOPARAMETERS)  such as 

aver age sl ope,  cent r oi d,  wi dt h et c.   Each t opogr aphi c 

par amet er  set  ( TOPOPARAMSETS)  can have mul t i pl e soi l s 

and/ or  l and cover  par amet er  set s ( SOI LSPARAMSETS,  
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LANDCOVPARAMSETS) ,  wher e each cont ai ns mul t i pl e soi l s and 

l and cover  model  par amet er s ( SOI LSPARAMETERS,  

LANDCOVPARAMETERS) ,  r espect i vel y.   Each of  t hese par amet er  

val ues i s associ at ed wi t h one and onl y one of  t he 

subwat er shed el ement s.   Each soi l s and l and cover  par amet er  

set  i s  associ at ed wi t h a r espect i ve l ook- up t abl e 

( SOI LS_LUT,  LANDCOV_LUT)  t hat  cont ai ns r el at i onshi ps 

bet ween model  par amet er s and soi l s and veget at i on c l asses.  

 

The management  syst ems ( MANAGEMENT_SYSTEMS)  st or ed i n 

t he Dat abase Management  Syst em ar e compr i sed of  pr edef i ned 

management  pr act i ces.   These management  pr act i ces ar e 

t her ef or e subcl asses i nt o t he t hr ee management  pr act i ces 

cur r ent l y suppor t ed by t he Spat i al  Deci s i on Suppor t  Syst em,  

past ur e boundar i es,  wat er  poi nt s,  and sedi ment  det ent i on 

st r uct ur es.   Each of  t he t hr ee suppor t ed best  management  

pr act i ces has a spat i al  component  t hat  i s  st or ed as 

at t r i but e i n t he DBMS al ong wi t h t hei r  aspat i al  at t r i but es.    

 

4. 2. 5.  Appl i cat i on Logi c 

 

Wher e appr opr i at e,  t he appl i cat i on ar chi t ect ur e i s 

st r uct ur ed usi ng desi gn pat t er ns whi ch ar e sol ut i ons t o 
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commonl y r ecur r i ng pr obl ems i n sof t war e desi gn.   The t hr ee 

key desi gn pat t er ns used i n t he devel opment  of  t he Spat i al  

Deci s i on Suppor t  Syst em ar e t he Model - Vi ew- Cont r ol l er ,  

Sessi on Façade,  and Dat a Access Obj ect  pat t er ns.   The 

Model - Vi ew- Cont r ol l er  ( MVC)  pat t er n i s a common st r uct ur e 

f or  web- based appl i cat i ons wher e t he appl i cat i on l ogi c i s 

decoupl ed i nt o model ,  v i ew,  and cont r ol l er  component s.   The 

“ model ”  component  cont ai ns t he busi ness l ogi c used i n t he 

appl i cat i on whi l e t he “ v i ew”  cont ai ns t he pr esent at i on 

component  f or  t he appl i cat i on.   The “ cont r ol l er ”  component  

i s t he messenger  bet ween t he user  or  “ v i ew”  and t he 

busi ness l ogi c or  “ model . ”    

 

The Sessi on Façade pat t er n i s a st r uct ur e t hat  

abst r act s t he ser ver - s i de Ent i t y Ent er pr i se Java Beans 

( EJBs) ,  onl y al l owi ng t he Ent i t y EJBs t o communi cat e wi t h 

sessi on beans.   Thi s pat t er n pr ovi des t he benef i t s of  l ow 

net wor k over head,  l ow coupl i ng,  and good r eusabi l i t y  

( Mar i nescu,  2002) .   Wi t h t hi s pat t er n,  each use case i s 

i mpl ement ed usi ng a s i ngl e sessi on bean t hat  coor di nat es 

t he communi cat i on wi t h ot her  sessi on and ent i t y beans;  

t her ef or e,  t he c l i ent  i s  onl y r equi r ed t o make one net wor k 

cal l  f or  t he l ogi c of  a use case t o be per f or med.    
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The Dat a Access Obj ect  pat t er n i s a common pat t er n 

used t o t r ansf er  dat a bet ween component s by maki ng a s i ngl e 

f i ne- gr ai ned met hod cal l .   Fur t her mor e,  t hese obj ect s 

abst r act  and encapsul at e al l  access t o t he dat a al l owi ng 

t he sour ce of  t he dat a t o change wi t hout  r equi r i ng t he 

c l i ent ’ s i nt er act i on t o change ( Al ur  et  al . ,  2001) .   

 



92 

 

 

Fi gur e 4. 3 Ent i t y- Rel at i onshi p di agr am f or  t he spat i al  
deci s i on suppor t  syst em.  

 



93 

 

 

Fi gur e 4. 3 ( cont - 1)  



94 

 

 

Fi gur e 4. 3 ( cont - 2)  

 



95 

 

 

Fi gur e 4. 3 ( cont - 3)  
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4. 3.  I mpl ement at i on 

 

4. 3. 1.  Dat abase Management  Syst em 

 

Conver t i ng t he ent i t y r el at i onshi p di agr am t o a 

r el at i onal  schema was per f or med t hr ough a number  of  st eps.   

The f i r st  st ep was t o cr eat e a t abl e f or  each ent i t y c l ass.   

Secondl y,  t he management  pr act i ces subcl ass was t r ansl at ed 

i nt o t abl es by maki ng each management  pr act i ce a separ at e 

t abl e,  whi ch was done because each pr act i ce has di f f er ent  

at t r i but es and di f f er ent  shape t ypes ( i . e.  a poi nt  f or  

wat er  sour ces and pol ygons f or  past ur es and sedi ment  

det ent i on st r uct ur es) .   Fi nal l y,  t he r el at i onshi ps wer e 

i ncor por at ed by i ncl udi ng f or ei gn keys i n t he necessar y 

t abl es.   The i mpl ement at i on consi st s of  t went y- f i ve t abl es 

t hat  ar e l i s t ed bel ow ( Tabl e 4. 1)  wi t h a dat a di ct i onar y 

pr esent ed i n Appendi x D.    
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Tabl e 4. 1  Li st  of  t abl es used i n t he Spat i al  Deci s i on 
Suppor t  Syst em.  

 
ELEMENT_OUTPUT( SI MI D,  ELEMENTI D,  TYPE,  PARAMCODE,  PARAMNAME,  VALUE,  

UNI TS)  
LANDCOVERLAYERS( LANDCOVLAYERI D,  NAME,  SDENAME,  DESCRI PTI ON,  

NUMVEGCLASSES)  
LANDCOVPARAMETERS( LCPARAMI D,  SUBWATERSHEDI D,  PARAMETERNAME,  VALUE,  

UNI TS,  LCPARAMETERSETI D,  TOPOPARAMSETI D)  
LANDCOVPARAMSETS( LCPARAMSETI D,  MODELI D,  LCLAYERI D,  DESCRI PTI ON,  

TOPOPARAMSETI D,  LANDCOVLUTI D)  
LANDCOV_LUT( LCLUTI D,  CLASS,  PARAMNAME,  VALUE,  UNI TS,  LCDESCI D)  
LANDCOV_LUTDESC( LCDESCI D,  NAME,  MODELI D,  DESCRI PTI ON)  
MANAGEMENT_SYSTEMS( SYSTEMI D,  NAME,  USERI D,  BASE_TOPOPARAMSETI D,  

MGMT_TOPOPARAMSETI D)  
MGMT_SOI LSPARAMETERS( MGMTSOI LSPARAMI D,  SUBWATERSHEDI D,  PARAMETERNAME,  

VALUE,  UNI TS,  BASETOPOPARAMSETI D,  MGMTTOPOPARAMSETI D)  
PARAMETER_FI LE( PARAMI D,  USERI D,  MODELI D,  WSHEDI D,  SCENARI OI D,  

DESCRI PTI ON,  XMLFI LE)  
PASSWORD( USERI D,  PASSWORD)  
PASTURE( PASTUREI D,  USERI D,  RANCHI D,  PASTURE_GEOM)  
PASTURES_I N_WATERSHED( WATERSHEDI D,  PASTUREI D)  
RANCH( RANCHI D,  RANCHNAME)  
SI MULATI ONS( SI MI D,  MODELI D,  TOPOPARAMSETI D,  SOI LSPARAMSETI D,  

LCPARAMSETI D,  NAME,  DESCRI PTI ON)  
SI MULATI ON_MODEL( MODELI D,  NAME,  VERSI ON)  
SOI LSLAYERS( SOI LSLAYERI D,  NAME,  SDENAME,  DESCRI PTI ON)  
SOI LSPARAMETERS( SOI LSPARAMI D,  SUBWATERSHEDI D,  PARAMETERNAME,  VALUE,  

UNI TS,  SOI LSPARMETERSETI D,  TOPOPARAMSETI D)  
SOI LSPARAMSETS( SOI LSPARMSETI D,  MODELI D,  SOI LSLAYERI D,  DESCRI PTI ON,  

TOPOPARAMSETI D,  SOI LSLUTI D)  
SOI LS_LUT( SOI LSLUTI D,  TEXTURE,  PARAMNAME,  VALUE,  UNI TS,  SOI LSDESCI D)  
SOI LS_LUTDESC( SOI LSDESCI D,  NAME,  MODELI D,  DESCRI PTI ON)  
STREAM( SCENARI OI D,  STREAMI D,  WATERSHEDI D,  STREAM_GEOM)  
STREAMPARAMETERS( STREAMPARAMI D,  STREAMNUMBER,  PARAMETERNAME,  VALUE,  

UNI TS,  TOPOPARAMSETI D)  
SUBWATERSHEDS( TOPOPARAMSETI D,  SUBWATERSHEDI D,  SHAPE,  AREA)   
SUMMARY_OUTPUT( SI MI D,  PARAMCODE,  PARAMNAME,  VALUE,  UNI TS)  
TOPOGRAPHYLAYERS( DEMI D,  NAME,  SDENAME,  RESOLUTI ON,  DESCRI PTI ON,  

FLOW_DI R_SDENAME,  FLOW_ACCUM_SDENAME)  
TOPOPARAMETERS( TOPOPARAMI D,  PARAMNAME,  VALUE,  UNI TS,  TOPOPARAMSETI D,  

SUBWSHEDI D)  
TOPOPARAMSET( TOPOPARAMSETI D,  CSA,  DEMI D,  WATERSHEDI D)  
USERS( USERI D,  EMAI L,  FI RSTNAME,  LASTNAME,  STADDRESS1,  STADDRESS2,  CI TY,  

STATE,  ZI P,  COUNTRY,  PHONE)  
WATERSHED_BOUNDARY( WATERSHEDI D,  USERI D,  WATERSHEDNAME,  DESCRI PTI ON)  
WATERSHED_SCENARI O( SCENARI OI D,  NAME,  DESCRI PTI ON,  USERI D)  
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4. 3. 2.  Geopr ocessi ng Component s 

 

The geopr ocessi ng component s i n t he Spat i al  Deci s i on 

Suppor t  Syst em ar e devel oped usi ng ESRI  Ar cObj ect s ( ESRI ,  

2000)  component s t hat  ar e depl oyed as Web ser vi ces ( See 

Appendi x D f or  desi gn i nf or mat i on) .   Web ser vi ces ar e 

modul es t hat  communi cat e usi ng t ext  ( XML)  based messages.   

Thi s Web ser vi ces ar chi t ect ur e el i mi nat es pr ogr ammi ng 

l anguage,  oper at i ng syst em,  dat abase management  syst em,  and 

har dwar e dependenci es.   Fur t her mor e,  communi cat i on i s 

conduct ed over  Hyper t ext  Tr ansf er  Pr ot ocol  ( HTTP) ,  

s i mpl i f y i ng t he devel opment  of  di st r i but ed appl i cat i ons.   

Web ser vi ces s i mpl i f y t he pr ocess of  i ncor por at i ng l egacy 

appl i cat i ons i nt o t he i nf or mat i on syst ems by pr ovi di ng a 

st andar d i nt er f ace f or  al l  component s.    

 

Four  geopr ocessi ng component s ar e i ncl uded i n t he 

spat i al  deci s i on suppor t  t hat  cr eat e spat i al  dat a based on 

a user ’ s r equest ,  pr epar e model i ng par amet er s usi ng di gi t al  

dat a l ayer s,  and est i mat e envi r onment al  i mpact s of  

management  syst ems.    
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§ Watershed boundary delineation 

 

The wat er shed boundar y del i neat i on component  al l ows 

user s t o cr eat e wat er shed cat chment s based on an out l et  

l ocat i on.   Thi s component  uses spat i al  dat a t o cal cul at e 

f l ow pat hs f or  a gi ven cat chment .   The Web ser vi ce 

component  r equi r es t he x-  and y- coor di nat es of  t he 

wat er shed out l et ,  a wat er shed boundar y name,  and a 

wat er shed boundar y descr i pt i on and i t  r et ur ns a pr i mar y key 

f or  t he newl y cr eat ed boundar y whi ch i s st or ed as a spat i al  

obj ect  i n t he dat abase.   An exampl e wat er shed del i neat i on 

message i s pr esent ed i n Fi gur e 4. 4.  
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<?xml  ver si on=" 1. 0"  encodi ng=" UTF- 8"  ?>  
<SOAP- ENV: Envel ope xml ns: SOAP-
ENV=" ht t p: / / schemas. xml soap. or g/ soap ….  > 
  <SOAP- ENV: Body> 
    <ns1: Cr eat eBoundar y 
xml ns: ns1=" ht t p: / / t empur i . or g/ message/ "  …  > 
      <out number  xsi : t ype=" xsd: st r i ng" >1311</ out number >  
       <out l et X xsi : t ype=" xsd: doubl e" >581716. 091</ out l et X>  
       <out l et Y xsi : t ype=" xsd: doubl e" >3511404. 965</ out l et Y>  
       <user name xsi : t ype=" xsd: st r i ng" >SDSSUSER2</ user name>  
       <boundar yName xsi : t ype=" xsd: st r i ng" >Wat er shed 
1</ boundar yName>  
       <boundar yDesc xsi : t ype=" xsd: st r i ng" >Wat er shed 1 
Desc</ boundar yDesc>    
    </ ns1: Cr eat eBoundar y> 
  </ SOAP- ENV: Body> 
</ SOAP- ENV: Envel ope> 
 

Fi gur e 4. 4 The spat i al  deci s i on suppor t  syst em f or  
r angel and wat er shed management  uses geopr ocessi ng Web 
ser vi ces whi ch ar e component s t hat  communi cat e t hr ough t ext  
messages.   Thi s t ext  message i s sent  t o t he wat er shed 
del i neat i on component  and i ncl udes a uni que number ,  out l et  
l ocat i on,  name,  and descr i pt i on.   The Web ser vi ce per f or ms 
t he wat er shed del i neat i on and r et ur ns t he boundar y t o t he 
c l i ent .  

 

 

§ Topographic parameterization 

 

For  each wat er shed boundar y t hat  i s  del i neat ed,  t he 

boundar y i s subdi v i ded i nt o hydr ol ogi c model i ng el ement s 

based on f l ow pat hs.   These model i ng el ement s ar e 
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consi der ed hydr ol ogi cal l y homogeneous uni t s whi ch assumes 

each el ement  has uni f or m t opogr aphi c,  soi l ,  and l and cover  

par amet er s.   The subdi v i s i on of  t he wat er shed boundar y i s 

dependent  on t he ont ol ogi cal  r epr esent at i on r equi r ed by t he 

hydr ol ogi c s i mul at i on model .   Two common ont ol ogi cal  

r epr esent at i ons ar e t he “ open book”  ( Fi gur e 3. 2a)  and t he 

basi n wi de ( Fi gur e 3. 2b)  di scr et i zat i on.   An open book 

r epr esent at i on subdi v i des t he wat er shed so each st r eam 

el ement  has l at er al  upl and pl anes and ei t her  an upl and 

zer o- or der ed wat er shed or  upl and cont r i but i ng channel s.   A 

basi n wi de di scr et i zat i on has one l at er al  el ement  f or  each 

st r eam channel  and i f  t he basi n i s a f i r st  or der  basi n,  t he 

st r eam channel  does not  have a cont r i but i ng el ement ,  

ot her wi se t he st r eam channel  has a cont r i but i ng st r eam 

el ement .   KI NEROS uses t he “ open book”  appr oach whi ch i s 

t he onl y conf i gur at i on cur r ent l y avai l abl e i n t he SDSS.   

 

The t opogr aphi c par amet er i zat i on Web ser vi ce has t wo 

di f f er ent  met hods t hat  r equi r e di f f er ent  set s of  i nput  

r equi r ement s t o per f or m t he oper at i on di scussed above.   The 

si mpl est  met hod accept s a wat er shed boundar y i dent i f i cat i on 

and a user name.   Thi s met hod uses def aul t s f or  t he i nput  

di gi t al  el evat i on model ,  f l ow di r ect i on gr i d,  f l ow 
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accumul at i on gr i d,  and di scr et i zat i on compl exi t y.   The 

ot her  met hod al l ows cl i ent  appl i cat i ons t o speci f y t he 

i nput  di gi t al  el evat i on model ,  f l ow di r ect i on gr i d,  f l ow 

accumul at i on gr i d,  and di scr et i zat i on compl exi t y.    

 

§ Land cover and soils parameterization 

 

The l and cover  par amet er i zat i on component  est i mat es 

par amet er s der i ved f r om di gi t al  l and cover  l ayer s f or  

s i mul at i on model s.   The l and cover  l ayer s used i n t hi s 

par amet er i zat i on r out i ne ar e r ast er  f or mat  wher e each cel l  

cor r esponds t o a veget at i on t ype.   For  each wat er shed 

model i ng el ement  cr eat ed i n t he t opogr aphi c 

par amet er i zat i on r out i ne,  t he per cent  of  each veget at i on 

c l ass i s cal cul at ed and t he model  par amet er  val ues f or  al l  

t he veget at i on c l asses i n t he el ement  ar e ar ea wei ght ed.   

For  exampl e,  i f  a model i ng el ement  has 25% f or est ,  25% 

ur ban,  and 50% gr assl and l and cover  t ypes,  t he associ at ed 

model  par amet er  val ue f or  t he cur r ent  el ement  i s t he sum of  

0. 25 of  t he f or est ed par amet er  val ue,  0. 25 of  t he ur ban 

par amet er  val ue,  and 0. 50 of  t he gr assl and par amet er  val ue.   

The Web ser vi ce met hod r equi r es t he c l i ent  t o speci f y t he 
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t opogr aphi c par amet er  set  t o par amet er i ze,  t he l and cover  

l ayer  t o use i n t he par amet er i zat i on,  a descr i pt i on of  t he 

par amet er i zat i on,  t he model  t hat  t he par amet er i zat i on wi l l  

suppor t ,  and t he l ook- up t abl e t o use i n t he 

par amet er i zat i on pr ocess.    

 

Si mi l ar  t o t he l and cover  par amet er i zat i on,  t he soi l s 

par amet er i zat i on r out i ne est i mat es model  speci f i c  soi l  

par amet er  val ues f or  t he hydr ol ogi c s i mul at i on model .   The 

r out i ne cal cul at es t he per cent  of  a soi l  t ext ur e c l ass i n 

each model i ng el ement  and wei ght s t he model  speci f i c  

par amet er s accor di ngl y.   The Web ser vi ce met hod r equi r es 

t he t opogr aphi c par amet er  set  t o par amet er i ze,  t he soi l s 

l ayer  t o use i n t he par amet er i zat i on,  t he s i mul at i on model  

t he par amet er i zat i on wi l l  suppor t ,  a descr i pt i on of  t he 

soi l s par amet er i zat i on,  and a l ook- up t abl e r el at i ng t he 

soi l  t ext ur e val ues t o model  speci f i c  par amet er s.   

 

§ Livestock distribution and impacts 

 

The si mul at i on of  l i vest ock di st r i but i on and r esul t i ng 

envi r onment al  i mpact s i s a modi f i cat i on of  t he RANGEMAP 
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( Guer t i n et  al . ,  1998)  spat i al  appl i cat i on.   The spat i al  

deci s i on suppor t  syst em cont ai ns r out i nes f r om RANGEMAP 

t hat  est i mat e t he di st r i but i on of  l i vest ock gi ven past ur e 

boundar i es and wat er  poi nt s.   The r el at i onshi ps used t o 

est i mat e t he di st r i but i on of  cat t l e ar e pr esent ed i n Tabl es 

4. 1 and 4. 2.   Addi t i onal  i nf or mat i on on RANGEMAP 

i mpl ement at i on i s pr esent ed i n Appendi x F.  
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Tabl e 4. 2  Reduct i ons i n Gr azi ng Capaci t y wi t h Di st ance t o 
Wat er  ( Fr om Tabl e 8. 8 i n Hol echeck et  al . ,  1995)  

 
Di st ance Fr om Wat er  
Mi l es Ki l omet er s 

Per cent  Reduct i on i n Gr azi ng 
Capaci t y 

0 -  1 0 -  1. 6 0 
1 -  2 1. 6 -  3. 2 50 

> 2 > 3. 2 100 ( Consi der ed Not  Gr azed)  
 
 
 
 

Tabl e 4. 3  Reduct i ons i n Gr azi ng Capaci t y wi t h Per cent ages 
of  Sl ope( Fr om Tabl e 8. 8 i n Hol echeck et  al . ,  1995)  

 

Per cent  Sl ope 
Per cent  Reduct i on i n Gr azi ng 

Capaci t y 
0 -  10 0 

11 -  30 30 
31 -  60 60 

> 60 100 ( Consi der ed Not  Gr azed)  
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Gi ven t he r el at i onshi ps i n Tabl es 4. 1 and 4. 2,  t he 

spat i al  di st r i but i on of  gr azi ng i nt ensi t y i s est i mat ed and 

i nf i l t r at i on r at es of  t he soi l  ar e modi f i ed accor di ng t o 

gr azi ng i nt ensi t y r el at i onshi ps f ound by Gi f f or d and 

Hawki ns ( 1978) .   Gi f f or d and Hawki ns ( 1978)  exami ned t he 

l i t er at ur e and devel oped “ r ough,  appr oxi mat e r ul es”  f or  

“ aver age r eact i on f or  por ous soi l s”  st at i ng t hat  heavi l y 

gr azed ar eas r educed i nf i l t r at i on capaci t y by appr oxi mat el y 

one- hal f  of  t he i nf i l t r at i on capaci t y i n ungr azed 

condi t i ons and moder at el y and l i ght l y gr azed ar eas r educed 

i nf i l t r at i on capaci t y by appr oxi mat el y one- quar t er  compar ed 

t o ungr azed condi t i ons.   The modi f i ed soi l  par amet er s f or  

each model i ng el ement  ar e st or ed i n t he dat abase f or  f ut ur e 

s i mul at i ons.    

 

4. 3. 3.  I nt er net  Geogr aphi c I nf or mat i on Syst ems 

 

The spat i al  deci s i on suppor t  syst em ut i l i zes ESRI ’ s 

Ar cI MS I nt er net  GI S t echnol ogy ( ESRI ,  2003b) .   Ar cI MS has a 

Java appl i cat i on pr ogr ammi ng i nt er f ace ( API )  t hat  al l ows 

t he spat i al  deci s i on suppor t  syst em t o cont r ol  t he cr eat i on 

of  new maps.   Cer t ai n c l asses wi t hi n t he Java API  wer e 

subcl assed t o pr ovi de speci f i c  behavi or  uni que t o t he SDSS.   
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For  exampl e,  t he Map cl ass i n t he Ar cI MS Java API  was 

subcl assed t o a SDSSMap cl ass whi ch i ncl udes f unct i onal i t y 

t o add wat er shed boundar i es pr ovi ded a boundar y i dent i f i er ,  

and add si mul at i on r esul t s pr ovi ded a s i mul at i on 

i dent i f i er .    

 

4. 3. 4.  Si mul at i on Model s 

 

The Ki nemat i c and Er osi on Model  ( KI NEROS)  i s depl oyed 

as a Web ser vi ce ext er nal  t o t he spat i al  deci s i on suppor t  

syst em.   Si nce KI NEROS i s a DOS execut abl e pr ogr am,  a Java 

wr apper  was cr eat ed t o coor di nat e t he oper at i on of  t he 

model .   The Web ser vi ce t akes a ser i es of  st r i ngs t hat  

i ncl ude t he i nput  par amet er s,  t he i nput  pr eci pi t at i on,  and 

a number  of  cont r ol  par amet er s.   The wr apper  conver t s t hese 

st r i ng val ues t o t ext  f i l es st or ed on di sk and i ni t i al i zes 

t he KI NEROS model .   Once t he model  s i mul at i on i s compl et e,  

t he wr apper  r eads t he model  out put  and r et ur ns t he 

s i mul at i on r esul t s t o t he cal l i ng component .    
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4. 3. 5.  Appl i cat i on Logi c 

 

The Spat i al  Deci s i on Suppor t  Syst em i s i mpl ement ed 

usi ng t went y Ent er pr i se JavaBeans ( EJB)  whi ch ar e ser ver -

s i de sof t war e component s t hat  can be depl oyed i n 

di st r i but ed mul t i - t i er  envi r onment s ( Roman et  al . ,  2002) .   

Ther e ar e t hr ee t ypes of  EJBs,  sessi on beans whi ch model  

t he busi ness pr ocess,  ent i t y beans whi ch pr ovi de an obj ect -

or i ent ed vi ew of  t he dat abase,  and message- dr i ven beans 

whi ch ar e s i mi l ar  t o sessi on beans except  t hat  t hey 

communi cat e wi t h messages.   Addi t i onal  desi gn i nf or mat i on 

i s avai l abl e i n Appendi x E.  

 

4. 4.  Eval uat i on of  Desi gn Goal s 

 

I n addi t i on t o t he f unct i onal  r equi r ement s pr esent ed 

i n Chapt er  3,  t he appl i cat i on i s r equi r ed t o be ext ensi bl e,  

i nt er oper abl e,  accessi bl e,  and secur e.   An ext ensi bl e SDSS 

al l ows new si mul at i on model s and management  pr act i ces t o be 

easi l y added.   I nt er oper abi l i t y  pr omot es t he r euse of  SDSS 

component s by ot her  appl i cat i ons.   The SDSS must  be 

accessi bl e so t hat  user s wi t hout  geogr aphi c i nf or mat i on 

sof t war e or  ext ensi ve backgr ound knowl edge of  GI S can 
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access and use t he appl i cat i on.   And f i nal l y,  t he SDSS must  

be secur e so t hat  user s ar e comf or t abl e st or i ng sensi t i ve 

dat a.   Whi l e t hese desi gn obj ect i ves ar e di f f i cul t  t o 

measur e quant i t at i vel y,  t he st eps t aken t o meet  t he 

obj ect i ves ar e di scussed bel ow.    

 

4. 4. 1.  Ext ensi bl e 

 

As di scussed i n t he spat i al  deci s i on suppor t  syst em 

r equi r ement s,  t he appl i cat i on must  al l ow new model s t o be 

easi l y i ncor por at ed i nt o t he deci s i on pr ocesses.   As new 

model s ar e devel oped or  new concer ns ar e addr essed by t he 

SDSS,  s i mul at i on model s need t o be added wi t hout  r equi r i ng 

t he exi st i ng appl i cat i on t o be modi f i ed s i gni f i cant l y.   

Thi s obj ect i ve i s accompl i shed usi ng t he obj ect - or i ent ed 

pr i nci pl es of  i nher i t ance and pol ymor phi sm.   I nher i t ance i s 

t he concept  of  der i v i ng new cl asses f r om exi st i ng c l asses,  

and t he i nvocat i on of  t he appr opr i at e obj ect  met hod 

dependi ng on wher e t he obj ect  i s  i n t he i nher i t ance 

hi er ar chy i s pol ymor phi sm ( Hor st mann and Cor nel l ,  1999) .   

These t opi cs ar e best  i l l ust r at ed wi t h a s i mpl e exampl e.   

An i nt er f ace Shape i s def i ned t hat  has one met hod 

cal cul at eAr ea( )  t hat  r et ur ns t he ar ea of  t he shape.   Two 
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concr et e c l asses Squar e and Ci r c l e i nher i t  t he Shape 

i nt er f ace.   Because each shape has a di f f er ent  f or mul a f or  

cal cul at i ng i t ’ s  ar ea,  each must  i mpl ement  t he 

cal cul at eAr ea( )  met hod ( Fi gur e 4. 4a) .   Once t hi s 

i nher i t ance hi er ar chy i s set  up,  a Shape obj ect  r ef er ence 

can ei t her  be assi gned t o a Squar e or  a Ci r c l e obj ect  and 

when t he cal cul at eAr ea( )  met hod i s cal l ed,  t he appr opr i at e 

i mpl ement at i on of  cal cul at eAr ea( )  i s  execut ed ( Fi gur e 4. 4b)   
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( a)   Cl asses Squar e and Ci r c l e i nher i t  t he super cl ass Shape 

/ /  Cr eat e t wo Shape r ef er ences 
Shape s1  = nul l ;   
Shape s2  = nul l ;  
 
/ /  assi gn one of  t he shape r ef er ences t o a new Squar e  
/ /  and one t o a new Ci r c l e obj ect .    
s1 = new Squar e( ) ;  
s2 = new Ci r c l e( ) ;  
 
/ /  cal l i ng t he cal cul at eAr ea met hod on t he Shape  
/ /  r ef er ence cal l s t he cor r espondi ng met hod on t he  
/ /  Squar e and Ci r c l e obj ect s 
s1. cal cul at eAr ea( ) ;   / /  cal l s cal cul at eAr ea( )  on t he 
Squar e obj ect  
s2. cal cul at eAr ea( ) ;   / /  cal l s cal cul at eAr ea( )  on t he 
Ci r c l e obj ect  

 
( b)   I nst ant i at i ng an obj ect  usi ng t he super cl ass r ef er ence 

wi t h a subcl ass i mpl ement at i on al l ows pol ymor phi c 
cal l s on t he r ef er ence 

 

Fi gur e 4. 5  Exampl e of  obj ect - or i ent ed concept s of  
i nher i t ance and pol ymor phi sm 

Shape 

cal cul at eAr ea( )  

Squar e 

cal cul at eAr ea( )  

Ci r c l e 

cal cul at eAr ea( )  
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The obj ect - or i ent ed concept s of  i nher i t ance and 

pol ymor phi sm ar e used i n t he desi gn and i mpl ement at i on of  

t he Spat i al  Deci s i on Suppor t  Syst em t o al l ow new si mul at i on 

model s t o be added t o t he appl i cat i on.   I n a s i mi l ar  manner  

t o t he exampl e above,  i nt er f aces and abst r act  base cl asses 

ar e def i ned t hr ough t he appl i cat i on.   The model s 

i ncor por at ed i nt o t he Spat i al  Deci s i on Suppor t  Syst em have 

common f eat ur es t hat  al l ow an obj ect - or i ent ed hi er ar chy t o 

be devel oped.   Each si mul at i on model  has t he capabi l i t y  t o 

be r un gi ven t he appr opr i at e i nput  f i l es and model  cont r ol  

f i l es and pr oduces si mul at i on out put .   Wi t hi n an obj ect -

or i ent ed f r amewor k,  t hese char act er i st i cs can be 

r epr esent ed usi ng t he f ol l owi ng i nt er f aces depi ct ed i n 

Fi gur e 4. 5.   Ther ef or e,  any s i mul at i on model  t hat  i s  

i ncl uded i n t he Spat i al  Deci s i on Suppor t  Syst em must  

i ncl ude cl asses t hat  i mpl ement  t hese f our  i nt er f aces.    
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Fi gur e 4. 6  I nt er f aces used t o i ncor por at e s i mul at i on 
model s i nt o Spat i al  Deci s i on Suppor t  Syst em.  

 

 

I n addi t i on,  t he Fact or y Desi gn Pat t er n ( Eckel ,  2001)  

i s used t o cent r al i ze t he cr eat i on of  obj ect s f or  new 

si mul at i on model  component s.   To i ncl ude a new model ,  a 

subcl ass of  Model Fact or y  must  be cr eat ed t hat  over r i des t he 

f our  abst r act  met hods,  get Si mModel ,  get Si mModel I nput ,  

get Model Name,  and get Model Cont r ol Fi l e.   An i mpor t ant  

component  of  t he abst r act  c l ass Model Fact or y i s t hat  i t  

cont ai ns a st at i c met hod f act or y.   St at i c met hods ar e c l ass 

met hods r at her  t han i nst ance or  obj ect  met hods meani ng t hat  

an i nst ance i s not  r equi r ed f or  a st at i c met hod t o be 

cal l ed.   Thi s i s i mpor t ant  because t he Model Fact or y c l ass 

Si mModel I nput  

get I nput Par amet er Fi l e( )  :  
St r i ngBuf f er  

Si mModel Out put  

 

Model Cont r ol Fi l e 

 

Si mModel  

per f or mSi mul at i on(  St r i ng s i mI d,  
Model Cont r ol Fi l e cont r ol Fi l e,  
Si mModel I nput  s i mI nput ) :  Si mModel Out put  
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i s  abst r act  and t her ef or e an i nst ance of  Model Fact or y 

cannot  be cr eat ed.   Fur t her mor e,  t he i mpl ement at i on of  t he 

f act or y met hod of  Model Fact or y det er mi nes what  t he 

appr opr i at e t ype or  subcl ass of  Model Fact or y shoul d be 

r et ur ned based on t he par amet er s passed i nt o t he f act or y 

met hod.    

 

 

 

 

 

 

 

Fi gur e 4. 7  Abst r act  c l ass used t o gener at e new 
Model Fact or y obj ect s f or  i ncor por at i ng new si mul at i on 
model s i nt o t he Spat i al  Deci s i on Suppor t  Syst em.  

 

 

An i mpl ement at i on of  t hi s desi gn can be i l l ust r at ed by 

exami ni ng t he i ncl usi on of  t he Ki nemat i c Runof f  and Er osi on 

( KI NEROS:  Smi t h et  al . ,  1995)  model  i n t he Spat i al  Deci s i on 

Suppor t  Syst em.   The f our  i nt er f aces di scussed above ar e 

i mpl ement ed by f our  i nst ant i abl e c l asses,  

Ki ner osCont r ol Fi l e,  Ki ner osSi mModel ,  Ki ner osSi mModel I nput ,  

Model Fact or y 
get Si mModel ( )  :  Si mModel  
get Si mModel I nput ( )  :  Si mModel I nput  
get Model Name( )  :  St r i ng 
get Model Cont r ol Fi l e( )  :  Model Cont r ol Fi l e 
 
f act or y( St r i ng si mI d,  St r i ng 

soi l sPar amset I d,   
St r i ng l andcovPar amset I d,  HashMap 
si mul at i onCont r ol Par amet er s)  :  
Model Fact or y 
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and Ki ner osSi mModel Out put  ( Fi gur e 4. 7) .   Si nce t he f our  

i nt er f aces do not  pr ovi de any i mpl ement at i on det ai l s,  t he 

f our  subcl asses pr ovi de t he KI NEROS- speci f i c  i mpl ement at i on 

i nst r uct i ons f or  how t o i ncl ude t he model  i nt o t he Spat i al  

Deci s i on Suppor t  Syst em.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fi gur e 4. 8  Cl ass i nher i t ance t r ee f or  i ncl udi ng Ki nemat i c 
Runof f  Er osi on Model  i n t he Spat i al  Deci s i on Suppor t  
Syst em.  

 
 

Si mModel I nput  

get I nput Par amet er Fi l e( )  :  
St r i ngBuf f er  

Ki ner osSi mModel I nput  

get I nput Par amet er Fi l e( )  :  
St r i ngBuf f er  

Si mModel  

per f or mSi mul at i on(  St r i ng si mI d,  Model Cont r ol Fi l e 
cont r ol Fi l e,  Si mModel I nput  s i mI nput ) :  
Si mModel Out put  

Ki ner osSi mModel  

per f or mSi mul at i on(  St r i ng si mI d,  
Model Cont r ol Fi l e cont r ol Fi l e,  
Si mModel I nput  s i mI nput ) :  Si mModel Out put  

Model Cont r ol Fi l e 

 

Ki ner osCont r ol Fi l e 

 

Si mModel Out put  

l oadDat aI nt oDat abase( )  
get Text Out put ( ) : St r i ng 

Ki ner osSi mModel Out put  

l oadDat aI nt oDat abase( )  
get Text Out put ( ) : St r i ng 
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Si nce t he i mpl ement at i on code i s now i ncor por at ed 

usi ng t he KI NEROS- speci f i c  f our  subcl asses,  t he next  and 

f i nal  st ep i s t o cr eat e t he KI NEROS- speci f i c  i mpl ement at i on 

of  t he Model Fact or y abst r act  c l ass.   Subcl asses of  

Model Fact or y must  i mpl ement  f our  met hods:  get Si mModel  whi ch 

r et ur ns a Si mModel  obj ect ,  get Si mModel I nput  whi ch r et ur ns a 

Si mModel I nput  obj ect ,  get Model Name whi ch r et ur ns a St r i ng 

obj ect ,  and get Model Cont r ol Fi l e whi ch r et ur ns a 

Model Cont r ol Fi l e.   The KI NEROS subcl ass of  Model Fact or y,  

Ki ner osModel Fact or y ( Fi gur e 4. 8) ,  cr eat es and r et ur ns t he 

KI NEROS i mpl ement at i ons of  t he f our  i nt er f aces descr i bed 

above.    
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Fi gur e 4. 9  The Model Fact or y abst r act  c l ass must  be 
ext ended f or  t he KI NEROS- speci f i c  i mpl ement at i on whi ch 
cont r ol s t he i nst ant i at i on of  t he KI NEROS i mpl ement at i on of  
t he Si mModel ,  Si mModel I nput ,  and Model Cont r ol Fi l e 
i nt er f aces.  

 
 
 

4. 4. 2.  I nt er oper abl e 

 

The ut i l i zat i on of  Web ser vi ces i n t he desi gn and 

i mpl ement at i on pr ovi des component s t hat  can be i ncl uded 

i nt o ot her  appl i cat i ons.   As pr evi ousl y ment i oned,  Web 

ser vi ces ar e component s t hat  communi cat e usi ng t ext - based 

messages and t her ef or e el i mi nat e pr opr i et ar y communi cat i on 

and dat a pr ot ocol s.   Si nce al l  of  t he geopr ocessi ng 

Model Fact or y 

get Si mModel ( )  :  Si mModel  
get Si mModel I nput ( )  :  Si mModel I nput  
get Model Name( )  :  St r i ng 
get Model Cont r ol Fi l e( )  :  

Model Cont r ol Fi l e 
St at i c f act or y( St r i ng s i mI d,  St r i ng 

soi l sPar amset I d,   
St r i ng l andcovPar amset I d,  HashMap 
si mul at i onCont r ol Par amet er s)  :  
Model Fact or y 

Ki ner osModel Fact or y 

get Si mModel ( )  :  Si mModel  
get Si mModel I nput ( )  :  Si mModel I nput  
get Model Name( )  :  St r i ng 
get Model Cont r ol Fi l e( )  :  

Model Cont r ol Fi l e 
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component s ar e publ i shed as Web ser vi ces,  t hey coul d be 

i ncl uded i n ot her  appl i cat i ons.   For  exampl e,  i f  a GI S 

devel oper  i n Phoeni x needs a wat er shed boundar y cr eat ed 

gi ven a wat er shed out l et ,  t hey coul d l ever age t he 

Cr eat eBoundar y Web ser vi ce i n t he spat i al  deci s i on suppor t  

syst em r at her  t han cr eat i ng a dupl i cat e component  t o 

per f or m t he same t ask.    

 

4. 4. 3.  Accessi bl e 

 

The spat i al  deci s i on suppor t  syst em i s made accessi bl e 

t hr ough t he I nt er net ,  mi ni mi zi ng t he appl i cat i on 

mai nt enance r equi r ed by user s.   Pr ovi di ng access t o t hese 

appl i cat i ons opens door s t o f ut ur e r esear ch t o eval uat e t he 

r ol e of  t echnol ogy i n bot t om- up deci s i on- maki ng f or  

wat er shed management .   As st at ed pr evi ousl y,  successf ul  

bot t om- up deci s i on maki ng hi nges on educat i ng st akehol der s.   

Thi s t ype of  appl i cat i on pr ovi des a r esour ce t o i nf or m 

deci s i on maker s about  t he pr obl ems,  and al l ows t hem t o 

desi gn and eval uat e pot ent i al  management  al t er nat i ves t o 

i dent i f i ed pr obl ems.    

 



119 

 

Whi l e depl oyi ng wat er shed management  appl i cat i ons v i a 

t he I nt er net  gr eat l y i ncr eases avai l abi l i t y  t o user s,  l ess 

t han hal f  or  over  61. 6 mi l l i on ( 41. 5% i n August  2000)  of  

al l  Amer i can househol ds do not  have access t o t he I nt er net  

( NTI A and ESA,  2000) .   Mor eover ,  I nt er net  access i s 

unequal l y di st r i but ed acr oss t he Uni t ed St at es,  wi t h access 

i n r ur al  ar eas l ower  t han ur ban ar eas.   Ther ef or e,  r ur al  

st akehol der s wi l l  be f or ced t o f i nd ot her  al t er nat i ves such 

as publ i c l i br ar i es t o get  access t o I nt er net  appl i cat i ons.   

However ,  t he di gi t al  di v i de bet ween t he “ haves”  and t he 

“ have not s”  i s  nar r owi ng.   Mor e i mpor t ant l y f or  wat er shed 

management ,  t he gap bet ween househol ds wi t h i nt er net  access 

i n r ur al  ar eas and t he nat i onwi de aver age has nar r owed f r om 

4. 0 per cent age poi nt s i n 1998 t o 2. 6 per cent age poi nt s i n 

2000 ( NTI A and ESA,  2000) .   I n r ur al  ar eas,  38. 9% of  t he 

househol ds had I nt er net  access;  a 75% i ncr ease f r om 22. 2% 

i n December  1998.   

 

4. 4. 4.  Secur e 

 

Di f f er ent  user s wi l l  have di f f er ent  obj ect i ves f or  

usi ng t he spat i al  deci s i on suppor t  syst em;  some user s wi l l  

use t he SDSS f or  management  deci s i on- maki ng whi l e ot her  
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user s wi l l  cur i ousl y expl or e t he appl i cat i on’ s 

f unct i onal i t y.   As a consequence,  a secur i t y f r amewor k i s 

i mpl ement ed t o al l ow user s devel opi ng management  syst ems t o 

access t hei r  dat a whi l e not  hi nder i ng t he exper i ence f or  

t hose expl or i ng t he capabi l i t i es of  t he SDSS,  who do not  

r equi r e user  speci f i c  dat a t o be st or ed and r et r i eved.   To 

accompl i sh t hi s goal ,  t he SDSS uses a f or m- based 

aut hent i cat i on appr oach r equi r i ng user s t o s i gn- i n t o save 

si mul at i on dat a f or  t he cur r ent  sessi on and r et r i eve 

management  scenar i os f r om a pr evi ous sessi on;  however ,  

user s not  s i gned- i n ar e pr ovi ded wi t h t he same 

f unct i onal i t y f or  a sessi on.   For m- based aut hent i cat i on i s 

commonl y used i n ecommer ce si t es such as Amazon. com wher e 

user s can br owse and r et r i eve i nf or mat i on on books but  ar e 

r equi r ed t o s i gn- i n f or  pur chases.    

 

4. 5.  Summar y of  t he Benef i t s of  t he SDSS 

 

The Spat i al  Deci s i on Suppor t  Syst em pr ovi des a number  

benef i t s compar ed t o ot her  deci s i on suppor t  syst ems 

r esul t i ng f r om i t s ar chi t ect ur e and depl oyment  met hods.   

The i ncor por at i on of  Web ser vi ces i n t he depl oyment  of  t he 

component s pr ovi des t he f i r st  ser i es of  GI S Web ser vi ces 
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t ai l or ed f or  wat er shed management .   Ut i l i z i ng t hi s 

f r amewor k s i mpl i f i es t he devel opment  of  appl i cat i ons i n t he 

f ut ur e t hat  ar e capabl e of  l ever agi ng t hese component s.   I n 

addi t i on,  t he Spat i al  Deci s i on Suppor t  Syst em mi ni mi zes t he 

i nput  par amet er  val ues r equi r ed f r om user s,  one of  t he 

det er r ent s i n t he adopt i on of  deci s i on suppor t  syst ems 

i dent i f i ed by Ur an and Janssen ( 2003)  and Newman et  al .  

( 2000) .   I nt egr at i ng t he geogr aphi c i nf or mat i on syst em i nt o 

t he appl i cat i on al l owed t he maj or i t y of  t he par amet er  

val ues r equi r ed by t he s i mul at i on model s t o be der i ved f r om 

r eadi l y avai l abl e di gi t al  dat a l ayer s.   Fur t her mor e,  t he 

use of  bot h I nt er net  GI S and geopr ocessi ng Web ser vi ces 

pr ovi ded access t o t hese t echnol ogi es t o user s who 

t ypi cal l y do not  have access.    

 

The desi gn of  t he Spat i al  Deci s i on Suppor t  Syst em 

pr ovi des an easy means f or  user s t o def i ne spat i al l y  

expl i c i t  management  al t er nat i ves.   User s cr eat e 

al t er nat i ves t hr ough an i nt ui t i ve i nt er f ace,  dr awi ng and 

at t r i but i ng management  pr act i ces on a map.   Est i mat es of  

sedi ment  y i el d can be pr oduced f or  t hese user  def i ned 

management  syst em usi ng pr ocess based,  hydr ol ogi c 

s i mul at i on model s.   User s ar e al so capabl e of  compar i ng 
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management  syst ems t o det er mi ne whi ch syst em pr oduces t he 

l owest  est i mat ed sedi ment  y i el d f or  a gi ven l ocat i on.     
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CHAPTER 5 

QUANTI FYI NG ERROR I N DI GI TAL ELEVATI ON MODELS  

 

 

 

5. 1.  I nt r oduct i on 

 

I ncor por at i ng hydr ol ogi c s i mul at i on model s i nt o t he 

wat er shed deci s i on maki ng pr ocess i s a compl ex pr ocedur e.   

Deci s i on maker s ar e r equi r ed t o have an under st andi ng of  

t he pr obl ems and t he physi cal  pr ocesses causi ng t he 

pr obl ems.   Abst r act i ng t he physi cal  wat er shed 

char act er i st i cs i nt o model  par amet er s r equi r es det ai l ed 

knowl edge of  model  pr ocess r epr esent at i on whi ch exceeds t he 

capabi l i t i es of  many deci s i on maker s.   Aut omat ed 

appl i cat i ons such as t he Spat i al  Deci s i on Suppor t  Syst em 

si mpl i f y t he pr ocess,  pr ovi di ng an oppor t uni t y t o l ever age 

advances i n sci ence i nt o t he deci s i on pr ocess.    

 

Even t hough f undament al  equat i ons i n t he cor e 

hydr ol ogi c model s ar e based on decades of  sci ent i f i c  

r esear ch,  hydr ol ogi c model i ng out put  cont ai ns a t r emendous 
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amount  of  uncer t ai nt y.   Thi s uncer t ai nt y st ems f r om 

mul t i pl e sour ces,  i ncl udi ng er r or s i n i nput  dat a and our  

i nabi l i t y  t o r epr esent  compl ex physi cal  pr ocesses wi t h 

mat hemat i cal  equat i ons.   Because of  t hi s uncer t ai nt y,  

mul t i pl e s i mul at i ons ar e r equi r ed t o capt ur e t hi s 

uncer t ai nt y i n model i ng r esul t s.    

 

The aut omat ed pr ocedur es i ncl uded i n t he Spat i al  

Deci s i on Suppor t  Syst em al l ow manager s t o syst emat i cal l y 

expl or e t he sol ut i on space mor e easi l y t han st and- al one 

model i ng appl i cat i ons.   The SDSS cont ai ns a dat abase t o 

pot ent i al l y  st or e hundr eds or  t housands of  s i mul at i ons 

al l owi ng t hese r esul t s t o summar i zed and pr esent ed t o 

user s.   These “ bul k s i mul at i ons”  can expl or e er r or s 

r esul t i ng f r om di f f er ent  i nput  GI S dat a l ayer s,  di f f er ent  

l ook- up par amet er  val ues,  and di f f er ent  pr eci pi t at i on event  

s i zes and di st r i but i ons.   Bul k s i mul at i ons ar e near l y 

i mpossi bl e usi ng st and- al one model s due t o t he compl exi t i es 

i n model  par amet er i zat i on and management  of  out put .   The 

SDSS coul d al so be used i n opt i mi zat i on r out i nes because 

bot h i nput  and out put  ar e cont r ol l ed by t he appl i cat i on.    
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As st at ed pr evi ousl y,  one of  t he sour ces of  

uncer t ai nt y t hat  has an i mpact  on model i ng out put  i s i nput  

dat a.   Common geogr aphi c dat a used t o der i ve hydr ol ogi c 

model i ng par amet er  val ues i ncl ude soi l s,  l and cover ,  and 

t opogr aphy.   Whi l e l and cover  and soi l s have been st udi ed 

by ot her  r esear cher s,  t he f i r st  geogr aphi c dat a set  used by 

t he SDSS i s a di gi t al  el evat i on model .   The DEM i s r equi r ed 

t o del i neat e wat er shed boundar i es,  sub- di v i de a wat er shed 

i nt o model i ng el ement s,  and est i mat e model  par amet er s such 

as s l ope and ar ea.    

 

The obj ect i ve of  t hi s chapt er  i s t o eval uat e and 

assess t he di gi t al  el evat i on model s t hat  ar e used i n t he 

spat i al  deci s i on suppor t  syst em.   The anal ysi s i s composed 

of  sever al  st eps i ncl udi ng compar i ng el evat i on val ues of  

r eadi l y avai l abl e Di gi t al  El evat i on Model s ( DEMs)  wi t h 

sur vey dat a,  compar i ng DEMs wi t h hi gh- r esol ut i on r esear ch 

qual i t y di gi t al  el evat i on model s,  compar i ng hydr ol ogi c 

par amet er s and wat er shed boundar i es der i ved f r om di f f er ent  

DEMs,  and compar i ng si mul at i on out put  usi ng t he di f f er ent  

DEMs wi t h obser ved dat a.   Thi s anal ysi s uses met hodol ogy 

i ni t i al l y  appl i ed i n r esear ch by Syed ( 1999) ,  al l owi ng 
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r esul t s f r om t hi s st udy t o be compar ed wi t h r esul t s f r om 

t he pr evi ous r esear ch.   Fur t her mor e,  usi ng t he same 

appr oach and sur vey dat a pr ovi des i nsi ght  i nt o t he 

i mpr ovement s of  r eadi l y avai l abl e di gi t al  el evat i on dat a 

t hr ough t i me.    

 

5. 2.  Wal nut  Gul ch Descr i pt i on 

 

The Wal nut  Gul ch Exper i ment al  Wat er shed i s l ocat ed i n 

sout heast er n Ar i zona sur r oundi ng t he hi st or i c t own of  

Tombst one.   The 150 squar e k i l omet er  ( 57. 9 mi 2)  wat er shed 

was est abl i shed i n t he ear l y 1950’ s and i s mai nt ai ned and 

oper at ed by t he USDA ARS Sout hwest  Wat er shed Resear ch 

Cent er  i n Tucson,  AZ.   Cur r ent l y,  t he wat er shed has 88 

pr eci pi t at i on gauges and 29 r unof f - measur i ng s i t es equi pped 

wi t h el ect r oni c sensor / dat al ogger / r adi o t el emet r y 

conf i gur at i ons al l owi ng t he t r ansf er  of  dat a f r om t he 

wat er shed t o t he Tucson r esear ch st at i on v i a r adi o 

communi cat i on on an aut omat ed dai l y schedul e.   These 

unpr ecedent ed met eor ol ogi cal  and hydr ol ogi cal  dat a ar e 

compl ement ed wi t h GI S dat a det ai l i ng st r eam channel s 

( r esol ut i on up t o 0. 5 met er s i n wi dt h) ,  a 10- met er  
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r esol ut i on Di gi t al  El evat i on Model  der i ved f r om or t ho 

st er eophot os,  soi l s dat a der i ved f r om 1: 5000 scal e aer i al  

phot os,  al ong wi t h det ai l ed l and owner shi p,  geol ogy,  

veget at i on,  and ecol ogi cal  s i t es l ayer s.   For  a mor e 

det ai l ed descr i pt i on of  t he hydr ol ogy of  t he Wal nut  Gul ch 

Exper i ment al  Wat er shed see Renar d ( 1970) .  

 

Fi ve wat er sheds i n t he Wal nut  Gul ch Exper i ment al  

Wat er shed wer e sel ect ed t o quant i f y er r or  i nt r oduced f r om 

di f f er ent  r esol ut i on di gi t al  el evat i on model s.   These 

sel ect ed wat er sheds consi st  of  a r ange of  s i zes ( f r om 

14, 800 ha t o 4. 45 ha)  pr ovi di ng a compar i son at  di f f er ent  

scal es.   Al l  f i ve wat er sheds have been di gi t i zed f r om 

aer i al  phot ogr aphs pr ovi di ng an est i mat e of  “ t r ue”  

wat er shed char act er i st i cs.   The f i ve wat er sheds ( Fi gur e 

5. 1)  ar e al l  of  Wal nut  Gul ch ( WG- 1)  whi ch i s t he l ar gest  

wi t h an ar ea of  14, 800 ha,  wat er shed 6 ( WG- 6)  wi t h an ar ea 

of  9, 353 ha,  Wat er shed 11 ( WG- 11)  wi t h an ar ea of  785 ha,  

wat er shed 223 ( WG- 223)  wi t h an ar ea of  48. 35 ha,  and 

wat er shed 104 ( LH- 104)  wi t h an ar ea of  4. 45 ha.    
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Fi gur e 5. 1  Map of  s i mul at ed wat er sheds on t he Wal nut  Gul ch 
Exper i ment al  Wat er shed 

 

Wal nut  Gul ch ( WG- 1)  

Wat er shed 6 ( WG- 6)  

Wat er shed 11 ( WG- 11)  

Wat er shed 104 ( LH- 104)  
Wat er shed 223 ( WG- 223)  
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5. 3.  GI S Dat a Sour ces:  Di gi t al  El evat i on Model s 

 

The devel opment  of  di gi t al  el evat i on model s has 

r api dl y advanced dur i ng t he past  f ew year s as new 

t echni ques and t echnol ogi es have been devel oped t o col l ect ,  

i nt er pol at e,  and di ssemi nat e spat i al  dat a.   Technol ogi es 

such as I nt er f er omet r i c Synt het i c Aper t ur e Radar  ( I FSAR) ,  

once onl y used f or  speci al i zed r esear ch pur poses,  ar e now 

bei ng appl i ed t o devel op br oader  scal e di gi t al  dat a.   I n 

addi t i on,  i mpr ovement s i n dat a pr ocessi ng have al so l ed t o 

mor e accur at e spat i al  model s.   As comput i ng cost s cont i nue 

t o decr ease,  t he avai l abi l i t y  of  di gi t al  el evat i on dat a has 

i ncr eased dr amat i cal l y and user s now have sever al  choi ces 

of  DEMs f r om di f f er ent  agenci es.   The r ecent l y devel oped 

DEMs i ncl uded i n t hi s anal ysi s ar e di scussed bel ow.    

 

5. 3. 1.  Wal nut  Gul ch Exper i ment al  Wat er shed Dat a 

 

Dat a have been col l ect ed on t he Wal nut  Gul ch 

Exper i ment al  Wat er shed i n sout heast er n Ar i zona over  t he 

past  f i ve decades.   I n addi t i on t o t he ext ensi ve st r eam 

f l ow and met eor ol ogi c dat aset s,  t he wat er shed cont ai ns a 



130 

 

r i ch geospat i al  dat abase.   Thr ee of  t he di gi t al  el evat i on 

model s i ncor por at ed i n t hi s anal ysi s wer e cr eat ed 

speci f i cal l y f or  r esear ch on t he Wal nut  Gul ch Exper i ment al  

Wat er shed f r om di f f er ent  dat a sour ces and t echni ques.    

 

5. 3. 1. 1.  I nt er Fer omet r i c Synt het i c Aper t ur e Radar  DEM 

 

Two di gi t al  el evat i on model s i ncl uded i n t hi s anal ysi s 

wer e der i ved f r om I nt er Fer omet r i c Synt het i c Aper t ur e Radar  

dat a ( I FSAR) .   I FSAR i s a modi f i cat i on of  t he t r adi t i onal  

Synt het i c Aper t ur e Radar  syst em i nt egr at i ng i nt er f er omet r y 

t echni ques t o measur e t he t hi r d di mensi onal  poi nt s wi t h a 

hi gh degr ee of  accur acy ( Hensl ey et  al . ,  2001) .   I FSAR i s 

an act i ve r emot e sensi ng syst em al l owi ng measur ement s t o be 

obt ai ned at  ni ght  and under  c l oud cover .   The I FSAR di gi t al  

el evat i on model s wer e acqui r ed f or  Wal nut  Gul ch by t he 

I nt er map STAR- 3i  syst em i n cooper at i on wi t h Ear t hwat ch I nc.  

and have been t est ed t o pr ovi de a sampl e spaci ng of  5 

met er s or  l ess and a ver t i cal  accur acy of  appr oxi mat el y 2 

met er s ( Syed,  1999) .   A 2. 5 and a 10 met er  DEM wer e cr eat ed 

f r om t hese dat a wher e t he 10 met er  DEM was pr ocessed wi t h a 
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smoot hi ng al gor i t hm t o r educe phase noi se ( Hensl ey et  al . ,  

2001) .    

 

5. 3. 1. 2.  10 Met er  Phot ogr ammet r i c DEM 

 

A 10 met er  phot ogr ammet r i c di gi t al  el evat i on model  was 

cr eat ed f r om 1: 24000 scal e,  or t ho- r ect i f i ed aer i al  

phot ogr aphs t aken i n 1994 ( Mi l l er ,  1995) .   Upl and el evat i on 

poi nt s wer e ext r act ed at  40 met er  i nt er val s and ver i f i ed 

wi t h sur vey l ocat i ons whi l e t he st r eam net wor k was 

di gi t i zed f r om 1: 5000 met er  or t ho- r ect i f i ed aer i al  

phot ogr aphs.   The di gi t al  el evat i on model  was cr eat ed usi ng 

t he TOPOGRI D command i n ESRI  Ar cI nf o ( ESRI ,  2000)  whi ch 

gener at es a hydr ol ogi cal l y cor r ect  DEM pr ovi ded el evat i on 

poi nt s and a st r eam net wor k.   The TOPOGRI D command i s based 

on t he ANUDEM pr ogr am devel oped by Mi chael  Hut chi nson 

( 1988,  1989)  and uses a spat i al l y  var yi ng r esi dual  mean 

squar e t hat  pr oduces i mpr oved r esul t s i n basi n and r ange 

t opogr aphy.   The r esul t i ng DEM was compar ed wi t h t ot al  

st at i on sur vey poi nt s i ndi cat i ng an el evat i on accur acy of  

+/ -  0. 7 met er  t ot al  hei ght  accur acy ( Mi l l er ,  1995) .  
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5. 3. 2.  Uni t ed St at es Geol ogi cal  Sur vey El evat i on Dat a  

 

Thr ough t he Nat i onal  Mappi ng Pr ogr am,  t he Uni t ed 

St at es Geol ogi cal  Sur vey ( USGS)  has col l ect ed and 

di ssemi nat ed el evat i on dat aset s s i nce t he mi d 1970’ s and 

cont i nues t o devel op dat a of  var yi ng qual i t i es and 

r esol ut i ons ( Osbor n et  al . ,  2001) .   The USGS publ i shes dat a 

i n “ Level s”  based on dat a sour ces and pr oduct i on met hod 

whi ch r esul t s i n dat a sui t abl e f or  di f f er ent  pur poses.   The 

f i r st  el evat i on dat aset s publ i shed f or  a nat i onal  cover age 

wer e Level  1 DEMs whi ch wer e cr eat ed phot ogr ammet r i cal l y by 

manual  pr of i l i ng or  i mage cor r el at i on t echni ques f r om 

Nat i onal  Aer i al  Phot ogr aphy Pr ogr am or  equi val ent  sour ce 

phot ogr aphs ( 7. 5 mi nut e DEM Met adat a) .   Thi s f i r st  ser i es 

of  el evat i on dat a ar e avai l abl e f or  t he cont i nent al  Uni t ed 

St at es and have been r epl aced by t he mor e accur at e Level  2 

dat a.    

 

U. S.  Geol ogi cal  Sur vey Level  2 di gi t al  el evat i on 

model s wer e cr eat ed t hr ough i nt er pol at i ng cont our s 

di gi t i zed f r om 1: 24. 000- scal e or  1: 100, 000- scal e maps and 

ar e mor e accur at e compar ed t o Level  1 dat a.   These dat a ar e 
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avai l abl e wi t h ei t her  10 or  30- met er  r esol ut i ons cover i ng 

t he cont i nent al  Uni t ed St at es.    

 

U. S.  Geol ogi cal  Sur vey Level  3 dat a i nt egr at e al l  

cat egor i es of  hypsogr aphy,  hydr ogr aphy,  r i dgel i ne,  br eak 

l i ne,  dr ai n f i l es and al l  ver t i cal  and hor i zont al  cont r ol  

net wor ks ( 7. 5 mi nut e DEM Met adat a) .   Si nce most  uses of  

U. S.  Geol ogi cal  Sur vey’ s di gi t al  el evat i on pr oduct s 

t r anscend t he 7. 5 mi nut e t i l es,  t he USGS devel oped a 

Nat i onal  El evat i on Dat aset  ( NED)  t hat  cont ai ns t he “ best  

avai l abl e”  t opogr aphi c dat a.   The NED consi st s of  over  

57, 000 quadr angl e- based DEMs and i s updat ed ever y t wo 

mont hs t o i ncor por at e new DEM pr oduct i on ( Osbor n et  al . ,  

2001) .   Two USGS di gi t al  el evat i on model s ar e used i n t hi s 

anal ysi s,  t he 30-  and 10- met er  l evel  2 DEMs.    

 

5. 3. 3.  Shut t l e Radar  Topogr aphy Mi ssi on El evat i on Dat a  

 

The Shut t l e Radar  Topogr aphy Mi ssi on ( SRTM)  dat a wer e 

col l ect ed over  an el even- day mi ssi on i n Febr uar y,  2000 by 

t he Space Shut t l e Endeavour  when 99. 97% of  t he Ear t h’ s l and 

mass bet ween 57 degr ees sout h and 60 degr ees nor t h l at i t ude 
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wer e mapped usi ng a C- band r adar  syst em ( Hensl ey et  al . ,  

2001) .   The mappi ng mi ssi on was conduct ed by t he Nat i onal  

I mager y and Mappi ng Agency ( NI MA)  and t he Nat i onal  

Aer onaut i cs and Space Admi ni st r at i on ( NASA)  and pr ovi ded 

t he f i r st  seaml ess t opogr aphi c map of  t he wor l d.   For  t he 

cont i nent al  Uni t ed St at es and Nor t h Amer i ca,  1- ar c second 

( appr oxi mat el y 30 met er )  and 3- ar c second ( appr oxi mat el y 90 

met er )  dat a ar e avai l abl e,  r espect i vel y.   However ,  onl y t he 

3- ar c second dat a ar e cur r ent l y avai l abl e f or  sout heast er n 

Ar i zona and ar e used i n t hi s anal ysi s.   To dat e,  t hi s i s 

t he best  avai l abl e seaml ess Di gi t al  El evat i on Model  f or  t he 

Uni t ed St at es and Mexi co,  key ar eas i n t he appl i cat i on of  

t he Spat i al  Deci s i on Suppor t  Syst em.    

 

5. 3. 4.  Di gi t al  El evat i on Model s Anal yzed by Syed,  1999.  

 

Resear ch conduced by Dr .  Kamr an Syed at  t he Sout hwest  

Wat er shed Resear ch Cent er  i n Tucson,  AZ quant i f i ed t he 

er r or  i n r eadi l y avai l abl e di gi t al  el evat i on model s.   

I l l ust r at i ng how r api dl y t he qual i t y of  dat a has changed,  

t he DEMs used i n Dr .  Syed’ s r esear ch have been i mpr oved 

si gni f i cant l y.   Dr .  Syed used si x di gi t al  el evat i on model s 
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i n hi s anal ysi s i ncl udi ng a 2. 5 met er  I nt er f er omet r i c 

Synt het i c Aper t ur e Radar  ( I FSAR)  DEM,  a 5 met er  DEM cr eat ed 

f r om sur vey dat a f or  a smal l  wat er shed i n Wal nut  Gul ch,  a 

15 met er  DEM cr eat ed f r om l ow l evel  ar eal  phot ogr ammet r y 

f or  a smal l  wat er shed i n Wal nut  Gul ch,  a USGS 30- met er  

Level  1 DEM,  an Agr i cul t ur al  Resear ch Ser vi ce l ow l evel  

ar eal  phot ogr ammet r y 40- met er  DEM,  and a Def ense Mappi ng 

Agency 3 ar c second ( ~30 met er )  DEM.    

 

 

Tabl e 5. 1 Summar y of  Di gi t al  El evat i on Model s used i n t hi s 
Anal ysi s 

 

DEM Name 
Resol ut i on 

( m)  
Aer i al  Ext ent  Sour ce 

I FSAR 2. 5 
Wal nut  Gul ch 

Exper i ment al  Wat er shed 

I nt er f er omet r i c  
Synt het i c Aper t ur e 

Radar  

I FSAR 10 
Wal nut  Gul ch 

Exper i ment al  Wat er shed 

I nt er f er omet r i c  
Synt het i c Aper t ur e 

Radar  

USGS 10 Ent i r e Uni t ed St at es  USGS Cont our  Dat a 

USGS 30 Ent i r e Uni t ed St at es  USGS Cont our  Dat a 

WG 10 
Wal nut  Gul ch 

Exper i ment al  Wat er shed 

1: 24000 and 1: 5000 
or t hor ect i f i ed aer i al  

phot ogr aphs 

SRTM 90 Nor t h Amer i ca 
I nt er f er omet r i c  

Synt het i c Aper t ur e 
Radar  
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5. 4.  Compar i son wi t h Sur vey El evat i ons 

 

Dr .  Syed col l ect ed el evat i on dat a i n t wo di f f er ent  

r egi ons of  Wal nut  Gul ch char act er i z i ng di f f er ent  

t opogr aphi c r egi mes,  a hi ghl y di ssect ed ar ea i n t he 

nor t heast er n por t i on of  t he wat er shed and a hi l l y  r egi on i n 

t he sout hwest er n por t i on of  t he wat er shed ( Fi gur e 5. 2) .   

These cont r ast i ng ar eas pr ovi de an oppor t uni t y t o quant i f y 

accur acy of  sel ect ed di gi t al  el evat i on model s i n ar eas t hat  

ar e i mpor t ant  f r om a hydr ol ogi c model i ng per spect i ve al ong 

wi t h ar eas t hat  ar e pot ent i al l y  mor e di f f i cul t  t o r epr esent  

wi t h t opogr aphi c model s.   Ni net y el evat i on poi nt s i n t he 

hi ghl y di ssect ed ar ea of  t he wat er shed wer e col l ect ed by a 

pr of essi onal  sur veyor  i n 1993 and document ed i n Smi l ey 

( 1994) .   Syed ( 1999)  pr ovi ded a conser vat i ve est i mat e of  

ver t i cal  accur acy f or  t hese dat a of  + 0. 2 met er s.   Thi r t y-

f i ve el evat i on poi nt s wer e sur veyed i n t he hi l l y  r egi on of  

t he sout hwest er n ar ea of  Wal nut  Gul ch by Syed ( 1999) .   

These dat a have an aver age hor i zont al  posi t i onal  accur acy 

and ver t i cal  accur acy of  0. 057 met er s and + 0. 16 met er s 

r espect i vel y,  as quant i f i ed by Syed ( 1999) .    
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For  each of  t he one hundr ed t went y- f i ve sur veyed 

el evat i on poi nt s,  t he el evat i on val ues wer e ext r act ed f r om 

t he cor r espondi ng cel l  f or  each of  t he s i x di gi t al  

el evat i on model s.   The r esul t  f r om t hi s pr ocedur e was si x 

el evat i on val ues f or  each sur veyed dat a poi nt  f r om whi ch 

t he mean di f f er ence,  maxi mum di f f er ence,  mi ni mum 

di f f er ence,  r ange of  di f f er ences,  st andar d devi at i on of  

di f f er ence,  and r oot  mean squar e er r or  ( RMSE)  was 

cal cul at ed.   These r esul t s ar e pr esent ed i n Tabl e 5. 2 

bel ow.   
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Fi gur e 5. 2  Sur vey l ocat i ons i n Wal nut  Gul ch Exper i ment al  
Wat er shed.   Hi ghl y di ssect ed ar ea dat a ( t op)  wer e col l ect ed 
by Smi l ey ( 1993)  and hi l l y  r egi on ( bot t om)  el evat i on dat a 
wer e col l ect ed by Syed ( 1999)  
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The t hr ee hi gh- r esol ut i on di gi t al  el evat i on model s f or  

t he Wal nut  Gul ch Exper i ment al  Wat er shed had smal l er  mean 

el evat i on di f f er ences compar ed t o t he wi del y avai l abl e 

di gi t al  el evat i on model s f or  t he hi ghl y di ssect ed ar ea of  

t he wat er shed.   However ,  f or  t he hi l l y  r egi on of  t he 

wat er shed t he mean di f f er ences f or  al l  DEMs i n t he anal ysi s 

wer e appr oxi mat el y t he same,  wi t h t he coar sest  r esol ut i on 

DEM per f or mi ng t he poor est .   I n t he hi ghl y di ssect ed ar ea,  

t he 2. 5- met er  I nt er f er omet r i c Synt het i c Aper t ur e Radar  dat a 

wer e t he cl osest  t o t he sur vey el evat i ons wi t h a mean of    

–0. 22 met er s and a st andar d devi at i on of  0. 49 met er s,  and 

t he Wal nut  Gul ch phot ogr ammet r i c 10- met er  di gi t al  el evat i on 

model  had sl i ght l y poor er  r esul t s wi t h a mean of  –0. 27 

met er s and a st andar d devi at i on of  0. 90 met er s.   As 

i l l ust r at ed by t he r esul t s i n Tabl e 5. 2 and Fi gur es 5. 3 and 

5. 4,  t he di gi t al  el evat i on model s had l ower  means and 

st andar d devi at i ons f or  t he hi l l y  r egi on compar ed t o t he 

hi ghl y di ssect ed ar ea of  t he wat er shed.   Resi dual s wer e 

comput ed f or  t he 90 sur vey poi nt s i n t he hi ghl y di ssect ed 

ar ea and i l l ust r at e t hat  t he t wo USGS DEMs ( 10 met er  and 30 

met er )  and t he 90 met er  Shut t l e Radar  Topogr aphy Mi ssi on 

( SRTM)  DEMS over est i mat ed t he el evat i on val ues compar ed t o 
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t he sur vey dat a ( Fi gur e 5. 3) .   The mean di f f er ence comput ed 

by subt r act i ng t he sur vey el evat i on f r om t he DEM el evat i on 

was cl oser  t o zer o f or  t he hi l l y  r egi on compar ed t o t he 

hi ghl y di ssect ed ar ea.   The mean el evat i on di f f er ence f or  

t he 90 sur vey l ocat i ons f r om t he DEM i n t he hi ghl y 

di ssect ed r egi on was 5. 28,  5. 37,  and 1. 90 met er s f or  t he 

USGS 10 met er ,  USGS 30 met er ,  and SRTM 90 met er  di gi t al  

el evat i on model s,  r espect i vel y.    

 

I n cont r ast  t o t he 35 sur vey poi nt s i n t he hi l l y  

r egi on i n t he sout hwest er n por t i on of  Wal nut  Gul ch,  t he 

wi del y avai l abl e DEMs had a mean di f f er ence of  –1. 06,  -

1. 08,  and 1. 06 met er s f or  t he USGS 10 met er ,  USGS 30 met er ,  

and SRTM 90 met er  di gi t al  el evat i on model s,  r espect i vel y.   

Bot h of  t he USGS di gi t al  el evat i on model s had a smal l er  

st andar d devi at i on of  el evat i on di f f er ence f or  t he hi l l y  

r egi on compar ed t o t he hi ghl y di ssect ed ar ea of  t he 

wat er shed.   However ,  t he ni net y- met er  shut t l e dat a had a 

hi gher  st andar d devi at i on of  el evat i on di f f er ence f or  t he 

hi l l y  r egi on compar ed t o t he hi ghl y di ssect ed ar ea.    
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The r esi dual  di f f er ences al so i ndi cat e t hat  t he 

di gi t al  el evat i on model s pr ovi de a bet t er  est i mat e of  

t opogr aphy f or  t he hi l l y  r egi on compar ed t o t he hi ghl y 

di ssect ed ar ea.   I n t he hi ghl y di ssect ed ar ea,  t he mean 

el evat i on di f f er ences f or  t he wi del y avai l abl e DEMs wer e 

posi t i ve,  i ndi cat i ng t hat  t he DEM el evat i on val ues 

over est i mat e t he sur f ace el evat i on ( Tabl e 5. 2 and Fi gur e 

5. 3) .   I n t he hi l l y  r egi on,  t he mean di f f er ences i n 

el evat i on f or  t he USGS DEMs wer e sl i ght l y negat i ve and 

t her ef or e under est i mat e t he el evat i on val ues.   Compar i ng 

t he di st r i but i on of  r esi dual  val ues i n Fi gur e 5. 3 and 

Fi gur e 5. 4,  t he er r or s i n t he hi l l y  r egi on ar e ver y c l ose 

t o zer o,  whi ch al so i ndi cat ed by t he val ues i n Tabl e 5. 2.   

For  t he hi ghl y di ssect ed r egi on,  bot h t he USGS DEMs and t he 

Shut t l e Radar  Topogr aphy Mi ssi on dat a over est i mat ed 

el evat i on val ues.  
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Tabl e 5. 2 Summar y of  Resul t s f r om compar i ng DEMs wi t h 
sur vey dat a* *  

 
Di f f er ences bet ween DEMs and sur vey i n hi l l y  sout hwest er n 
r egi on of  Wal nut  Gul ch ( N=35)  

St at i s t i c  
I FSAR 
2. 5 m 

I FSAR  
10 m 

USGS  
10 m 

USGS  
30 m 

WG DEM 
10 m 

SRTM 
30 m 

SRTM 
90 m 

Max 0. 78 2. 04 1. 85 1. 45 2. 02 xx 25. 04 

Mi n - 2. 26 - 3. 93 - 3. 40 - 6. 80 - 2. 83 xx - 13. 65 

Range 3. 04 5. 97 5. 25 8. 25 4. 85 xx 38. 69 

Mean - 1. 05 - 1. 68 - 1. 06 - 1. 08 - 0. 47 xx 1. 06 

SD 0. 69 1. 25 1. 30 1. 56 1. 12 xx 7. 15 

RMSE 1. 248 2. 088 1. 668 1. 880 1. 200 xx 7. 123 

 
 
 
Di f f er ences bet ween DEMs and sur vey i n di ssect ed 
nor t hwest er n r egi on of  Wal nut  Gul ch ( N=90)  

St at i s t i c  
I FSAR 
2. 5 m 

I FSAR 
10 m 

USGS  
10 m 

USGS  
30 m 

WG DEM 
10 m 

SRTM 
30 m 

SRTM 
90 m 

Max 1. 04 1. 34 13. 52 13. 32 1. 65 xx 10. 34 

Mi n - 1. 42 - 3. 76 - 0. 14 0. 26 - 2. 11 xx - 11. 47 

Range 2. 46 5. 10 13. 66 13. 06 3. 76 xx 21. 81 

Mean - 0. 22 - 0. 72 5. 28 5. 37 - 0. 27 xx 1. 90 

SD 0. 49 0. 83 2. 57 2. 48 0. 86 xx 3. 55 

RMSE 0. 536 1. 094 5. 871 5. 907 0. 896 xx 4. 015 

 
* *  Al l  val ues ar e cal cul at ed as DEM El evat i ons – Sur vey 
El evat i ons 
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A subset  of  t he sur vey dat a f r om t he above anal ysi s 

was sel ect ed f or  t he s i x di gi t al  el evat i ons model s t o 

exami ne t opogr aphi c pr of i l es.   Four  t r ansect s wer e pl ot t ed,  

t wo or t hogonal  t r ansect s i n t he hi l l y  r egi on i n t he 

sout hwest er n ar ea of  t he wat er shed and t wo or t hogonal  

t r ansect s i n t he hi ghl y di ssect ed ar ea of  t he wat er shed.   

The l ocat i ons of  t r ansect s ar e i l l ust r at ed i n Fi gur e 5. 5.   

For  t hese t r ansect s,  t opogr aphi c pr of i l es wer e ext r act ed 

f r om t he si x DEMs and pl ot t ed i n Fi gur es 5. 6 t hr ough 5. 9.    

 

For  t he hi l l y  r egi on i n t he sout hwest er n por t i on of  

t he wat er shed,  t he t wo t r ansect s pl ot t ed i n Fi gur e 5. 6 and 

Fi gur e 5. 7 i ndi cat e t hat  t he di gi t al  el evat i on model s 

appr oxi mat e t he sur f ace wel l .   Tr ansect  1 ( t he nor t h t o 

sout h t r ansect )  has t wo peaks whi ch ar e bot h r epr esent ed i n 

al l  of  t he DEMs exami ned.   Al ong t hi s t r ansect ,  t he l ow-

l y i ng ar ea bet ween t he peaks i s not  measur ed wi t h a sur vey 

poi nt  and t her ef or e cannot  be eval uat ed.   Tr ansect  2 ( t he 

west  t o east  t r ansect )  i s  al so r epr esent ed wel l  by t he s i x 

di gi t al  el evat i on model s.   The si ngl e peak i n Tr ansect  2 

was capt ur ed by al l  s i x DEMs and t he up sl ope and down 
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s l ope ar e est i mat ed r easonabl y wel l  wi t h t he Shut t l e Radar  

Topogr aphy Mi ssi on 90- met er  dat a t hat  r epr esent s t he 

t opogr aphy t he poor est .    

 

The di gi t al  el evat i on model s di d not  per f or m wel l  i n 

t he hi ghl y di ssect ed r egi on compar ed t o t he hi l l y  r egi on as 

i ndi cat ed by Tr ansect s 3 and 4.   As appar ent  f r om bot h 

t r ansect s,  t he USGS di gi t al  el evat i on model s over  est i mat e 

t he t opogr aphy i n t hi s r egi on whi l e t he Shut t l e Radar  

Topogr aphy Mi ssi on dat a under est i mat ed t he el evat i on.   

Tr ansect  4 i s par t i cul ar l y i nt er est i ng because of  t he 

ent r enched channel s near  t he end of  t he t r ansect ,  whi ch ar e 

not  capt ur ed by t he t hr ee wi del y avai l abl e DEMs.   The USGS 

10 and 30 met er  DEMs have sl i ght  decr eases i n el evat i on 

near  t hese head cut s but  do not  r epr esent  t he i nci sed 

ar eas.   The SRTM 90 met er  dat a do not  capt ur e t he t ops of  

t he r i dge but  t he el evat i on val ues r epr esent  t he bot t oms of  

t he head- cut s.    
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Fi gur e 5. 3 Locat i on of  sur vey t r ansect s i n Wal ut  Gul ch 

Tr ansect  1’  

Tr ansect  1”  

Tr ansect  2’  Tr ansect  2”  

Tr ansect  4’  Tr ansect  4”  

Tr ansect  3’  

Tr ansect  3”  
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5. 5.  DEM Der i ved Hydr ol ogi c Pr oper t i es 

 

Hydr ol ogi c pr oper t i es ar e der i ved f r om t he si x di gi t al  

el evat i on model s and compar ed i n t hi s sect i on.   Fi r st ,  t he 

pr epr ocessi ng st eps r equi r ed t o make t he DEMs 

hydr ol ogi cal l y cor r ect  ar e di scussed.   Wat er shed boundar i es 

ar e del i neat ed and compar ed f or  f i ve di f f er ent  s i zed 

wat er sheds i n t he Wal nut  Gul ch Exper i ment al  Wat er shed.   For  

t he t hr ee l ar gest  wat er sheds,  t he boundar i es ar e subdi v i ded 

i nt o model i ng el ement s and t he hydr ol ogi c par amet er s f r om 

t he si x DEMs ar e compar ed.  

 

5. 5. 1.  DEM Pr epr ocessi ng 

 

Dependi ng on t he sour ce and f or mat  of  t he di gi t al  

el evat i on model s,  cer t ai n pr epr ocessi ng st eps ar e r equi r ed 

pr i or  t o per f or mi ng t he er r or  anal ysi s.   As di scussed 

above,  t he DEMs f r om t he USGS t hat  ar e di st r i but ed as t i l es 

cor r espondi ng t o 7. 5 mi nut e quadr angl e maps wer e mosai ced 

usi ng t he Ar cI NFO command MERGE.   Thi s command combi nes 

mul t i pl e gr i ds i nt o a s i ngl e gr i d,  and was per f or med on t he 
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USGS 30 met er  l evel  2 and USGS 10 met er  di gi t al  el evat i on 

model s.    

 

To per f or m a hydr ol ogi c anal ysi s usi ng di gi t al  

el evat i on model s,  t he dat aset s must  be what  i s commonl y 

r ef er r ed t o as “ hydr ol ogi cal l y cor r ect ” .   Di gi t al  el evat i on 

model s commonl y cont ai n depr essi onal  ar eas or  “ pi t s”  wher e 

wat er  woul d become t r apped and not  cont r i but e t o a st r eam 

channel .   These ar t i f act s can be r emoved usi ng t he FI LL 

command i n Ar cI NFO whi ch anal yzes t he f l ow pat hs of  t he DEM 

l ocat i ng t hese pr obl em ar eas and modi f y i ng t he el evat i on of  

t hese cel l s.   An addi t i onal  st ep t o make a DEM 

hydr ol ogi cal l y cor r ect  i s  t o engr ave t he st r eam channel  

i nt o t he DEM t o ensur e t hat  t he f l ow pat hs coi nci de wi t h 

known channel s.   Si nce t he anal ysi s per f or med t hr ough t hi s 

r esear ch i s t o eval uat e t he f l ow pat hs usi ng di f f er ent  

dat aset s,  t hi s pr ocedur e was not  per f or med.    

 

5. 5. 2.  Wat er shed Boundar y Del i neat i ons 

 

The pr ocess of  cr eat i ng wat er sheds and st r eam channel s 

r equi r es mul t i pl e st eps and t he cr eat i on of  i nt er medi ar y 
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dat aset s.   The f i r st  st ep i s t o cr eat e a f l ow di r ect i on 

gr i d whi ch det er mi nes t he di r ect i on wat er  f l ows out  of  a 

gi ven cel l .   The f l ow di r ect i on al gor i t hm most  commonl y 

used and t he one used i n t hi s anal ysi s i s t he basi c “ D8”  

al gor i t hm whi ch assumes wat er  onl y f l ows f r om a cel l  i n one 

of  ei ght  di r ect i ons ( Far f i el d and Leymar i e,  1991;  Mar t z and 

Gar br echt ,  1998) .   The cel l  t hat  wat er  f l ows out  of  i s  

assi gned a val ue cor r espondi ng t o t he f l ow pat h ( Fi gur e 

5. 10) .   Fr om t he el evat i on gr i d,  t he D8 al gor i t hm assumes 

wat er  f l ows al ong t he pat h of  st eepest  decent  and when t wo 

f l ows pat hs ar e of  equal  s l ope,  one i s ar bi t r ar i l y  

sel ect ed.   Thi s al gor i t hm t ypi cal l y wor ks wel l  f or  smal l  

wat er sheds i n ar eas of  hi gh r el i ef  ( Jones,  2002) .    

 

  
 
 
 
 
 
 
 

 

Fi gur e 5. 8  The numer i c val ue cor r espondi ng t o t he 
di r ect i on wat er  f l ows out  of  t he cent er  cel l  ( a) ,  f l ow 
di r ect i ons ( b) ,  and t he cor r espondi ng f l ow di r ect i on gr i d 
( c) .    
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Whi l e t he f l ow di r ect i on gr i d det er mi nes how f l ow 

moves f r om an i ndi v i dual  di gi t al  el evat i on model  cel l ,  t he 

number  of  cel l s cont r i but i ng t o a gi ven cel l  i s  cal l ed t he 

f l ow accumul at i on val ue.   The cal cul at i on of  t hi s gr i d 

r equi r es t he pr esence of  t he f l ow di r ect i on gr i d wi t h each 

cel l  cont ai ni ng a val ue cor r espondi ng t o t he number  of  

cont r i but i ng cel l s.   An i mpor t ant  char act er i st i c of  t he 

f l ow accumul at i on gr i d i s t he pr esence of  t he l ar gest  

accumul at i on val ue at  t he out l et  of  t he wat er shed.   The 

f l ow accumul at i on gr i d i s al so used t o l ocat e st r eam 

channel s wi t hi n a wat er shed;  cel l s wi t h a f l ow accumul at i on 

val ue gr eat er  t han a user  def i ned t hr eshol d ar e 

r ecl assi f i ed as st r eam channel s.   Thi s user  speci f i ed 

r ecl assi f i cat i on val ue i dent i f i es t he i ni t i at i on of  a 

st r eam channel  and i s commonl y r ef er r ed t o as t he 

Cont r i but i ng Sour ce Ar ea ( CSA)  or  cr i t i cal  suppor t  ar ea.    

 

I n or der  t o per f or m hydr ol ogi c model  s i mul at i ons,  

wat er sheds boundar i es ar e del i neat ed and t hen subdi v i ded 

i nt o model i ng el ement s t hat  consi st  of  channel s and pl anes.   

The number  of  pl anes and channel s or  t he compl exi t y of  t he 

di scr et i zat i on i s det er mi ned by t he cont r i but i ng sour ce 
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ar ea val ue.   Smal l  CSA val ues yi el d a hi gher  number  of  

model i ng el ement s compar ed t o l ar ger  CSA val ues.   

Det er mi ni ng t he most  r eal i st i c CSA val ue i s s i t e speci f i c  

( see Syed 1999;  Mi l l er  2002) .   A r ange of  CSA val ues wi l l  

be used i n t hi s anal ysi s.    

 

Fr om a f l ow di r ect i on gr i d and a wat er shed out l et  

l ocat i on,  a wat er shed boundar y i s del i neat ed by i dent i f y i ng 

al l  t he cel l s wi t hi n a DEM t hat  cont r i but e t o a wat er shed 

out l et .   A wat er shed boundar y i s del i neat ed f or  each of  t he 

s i x di gi t al  el evat i on model s i dent i f i ed above f or  f i ve 

di f f er ent  s i zed wat er sheds i n t he Wal nut  Gul ch Exper i ment al  

Wat er shed.   Usi ng t he same f i ve wat er shed out l et  l ocat i ons,  

boundar i es ar e comput ed and compar ed bel ow.   I t  shoul d be 

r ecogni zed t hat  due t o t he di f f er ences i n r esol ut i ons i n 

t he DEMs,  f or  each wat er shed boundar y del i neat ed t he 

wat er shed out l et  l ocat i on was r equi r ed t o be moved a smal l  

di st ance t o t he poi nt  of  maxi mum f l ow accumul at i on.    
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Fi gur e 5. 9   A f l ow di r ect i on gr i d ( a)  i s used t o cal cul at e 
a f l ow accumul at i on gr i d ( b) .   

 
 
 

Wat er shed boundar i es wer e cr eat ed f or  f i ve wat er sheds 

i n t he Wal nut  Gul ch Exper i ment al  Wat er shed usi ng t he si x 

di gi t al  el evat i on model s.   Resul t s f r om compar i ng t he 

del i neat ed boundar i es t o “ t r ue”  boundar i es t hat  wer e 

di gi t i zed f r om aer i al  phot ogr aphs ar e pr esent ed i n Tabl e 

5. 3.   Al l  s i x di gi t al  el evat i on model s under  pr edi ct ed t he 

wat er shed ar eas f or  t he t wo l ar gest  wat er sheds,  WG- 1 and 

WG- 6.   For  t he l ar gest  wat er shed,  t he Wal nut  Gul ch DEM 

pr edi ct ed t he “ t r ue”  ar ea best  f ol l owed by t he USGS 10 

met er  DEM wi t h t he Shut t l e Radar  dat a per f or mi ng t he 

poor est .   For  t he wat er shed ar ea dr ai ni ng t o f l ume 6,  t he 

USGS 10 met er  dat a wer e mor e accur at e i n est i mat i ng ar ea 

t han t he ot her  DEMs,  wi t h t he Shut t l e Radar  dat a agai n 

per f or mi ng t he wor st .   The hi ghest  r esol ut i on dat a,  t he 

2 4 4 4 8 16 

1 2 2 8 8 8 

128 4 4 4 4 16 

4 4 8 16 8 16 

4 8 16 8 8 8 

8 16 16 16 16 16 

0 0 0 0 1 0 

0 4 1 3 0 0 

0 0 9 3 2 0 

0 1 15 4 4 0 

1 19 0 5 0 0 

35 12 11 4 2 0 
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boundar y del i neat ed wi t h t he I FSAR 2. 5 met er  dat a was mor e 

t han 100 hect ar es ( - 1. 09 per cent )  under  t he “ t r ue”  

wat er shed ar ea.   For  t he smal l er  wat er sheds WG- 223 and LH-

104,  t he DEMs est i mat ed appr oxi mat el y t he same wat er shed 

ar ea wi t h t he except i on of  t he Shut t l e Radar  dat a.   As 

expect ed,  t he cel l  r esol ut i on i s t oo coar se f or  t hese 

smal l er  wat er sheds and t her ef or e shoul d not  be used f or  

s i mul at i ons at  t hi s scal e.  

 

For  i l l ust r at i ve pur poses,  t he del i neat ed wat er shed 

boundar i es f or  wat er shed LH- 104 ar e pr esent ed i n Fi gur e 

5. 11 bel ow.   Whi l e none of  t he boundar i es cal cul at ed f r om 

di gi t al  el evat i on model s mat ched t he di gi t i zed “ t r ue”  

boundar y,  some di d bet t er  t han ot her s.   As expect ed,  t he 

hi ghest  r esol ut i on I FSAR 2. 5 met er  DEM appear s t o be t he 

cl osest  t o act ual  wi t h t he coar sest  r esol ut i on SRTM 90 

met er  DEM pr edi ct i ng t he poor est .   For  t he SRTM DEM,  t he 90 

met er  gr i d s i ze was not  det ai l ed enough t o r epr esent  t hi s 

smal l  t r i but ar y wat er shed and t her ef or e,  t he aut omat ed 

boundar y del i neat i on r out i ne moved t he wat er shed out l et  t o 

t he l ar ger  st r eam channel .    
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Fi gur e 5. 10  Boundar i es del i neat ed f or  Wat er shed 104 ( LH-
104)  usi ng si x di gi t al  el evat i on model s 

 
 
 

Di gi t i zed 

I FSAR 2. 5 

USGS 10 m 

USGS 30 m 

WG 10 m 

I FSAR 10 

SRTM 90 m 
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Tabl e 5. 3  Ar ea and Per i met er  Resul t s f r om Wat er shed 
Boundar y Del i neat i on wi t h Si x Di gi t al  El evat i on Model s 

 

Wat er shed DEM Name Ar ea ( ha)  
Di f f er ence i n 

Ar ea ( ha)  
Per cent  

Di f f er ence 

WG- 1 Di gi t i zed 14800 - -  - -  

 SAR 2. 5m 14682 - 118 - 0. 80 

 SAR 10m 14675 - 125 - 0. 84 

 USGS 10m 14709 - 91 - 0. 61 

 USGS 30m 14668 - 132 - 0. 89 

 WG 10m 14720 - 80 - 0. 54 

 SRTM 90m 14191 - 609 - 4. 11 

WG- 6 Di gi t i zed 9353 - -  - -  

 SAR 2. 5m 9251 - 102 - 1. 09 

 SAR 10m 9238 - 115 - 1. 23 

 USGS 10m 9297 - 56 - 0. 60 

 USGS 30m 9283 - 70 - 0. 75 

 WG 10m 9305 - 48 - 0. 51 

 SRTM 90m 8988 - 365 - 3. 90 

WG- 11 Di gi t i zed 785 - -  - -  

 SAR 2. 5m 781 - 4 - 0. 51 

 SAR 10m 784 - 1 - 0. 13 

 USGS 10m 783 - 2 - 0. 25 

 USGS 30m 788 3 0. 38 

 WG 10m 792 7 0. 89 

 SRTM 90m 765 - 20 - 2. 55 

WG- 223 Di gi t i zed 48. 35 - -  - -  

 SAR 2. 5m 49. 70 1. 35 2. 79 

 SAR 10m 49. 92 1. 57 3. 25 

 USGS 10m 50. 84 2. 49 5. 15 

 USGS 30m 44. 25 - 4. 10 - 8. 48 

 WG 10m 46. 56 - 1. 79 - 3. 70 

 SRTM 90m 54. 08 5. 73 11. 85 

LH- 104 Di gi t i zed 4. 45 - -  - -  

 SAR 2. 5m 4. 73 0. 28 6. 29 

 SAR 10m 4. 73 0. 28 6. 29 

 USGS 10m 4. 75 0. 30 6. 74 

 USGS 30m 4. 66 0. 21 4. 72 

 WG 10m 3. 28 - 1. 17 - 26. 29 

 SRTM 90m 53. 67 49. 22 1106. 07 
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5. 5. 3.  Dr ai nage Dependent  Geomet r i c Par amet er s 

 

To compar e t he hydr ol ogi c par amet er s der i ved f r om 

di f f er ent  di gi t al  el evat i on model s,  val ues wi l l  be 

gener at ed f or  out l et  l ocat i ons wi t hi n Wal nut  Gul ch usi ng 

t he si x di f f er ent  DEMs.   Wat er shed boundar i es wi l l  be 

cr eat ed usi ng t hr ee out l et  l ocat i ons pr ovi di ng a r ange of  

wat er shed si zes f r om t he ent i r e Wal nut  Gul ch Exper i ment al  

Wat er shed ( 14, 800 ha)  t o Wat er shed 11 ( 785 ha) .   These 

wat er shed boundar i es wi l l  t hen be subdi v i ded usi ng smal l ,  

medi um,  and l ar ge cont r i but i ng sour ce ar ea val ues whi ch 

cor r espond t o 0. 5,  8,  and 15 per cent  of  t he wat er shed 

boundar y ar ea,  r espect i vel y.   For  each of  t he wat er shed 

boundar i es and di scr et i zat i ons,  t he f ol l owi ng val ues wi l l  

be cal cul at ed pr ovi di ng t he compar i son of  val ues det er mi ned 

f r om t he di f f er ent  DEMs.    

§ Tot al  Wat er shed Ar ea  

§ Number  of  Channel  Segment s  

§ Mean Channel  Lengt h  

§ Mean Channel  Sl ope  

§ Number  of  Upl and Pl ane El ement s 

§ Mean Upl and Pl ane Ar ea 
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§ Mean Upl and Pl ane Sl ope 

 

The aver age sl ope f or  t he upl and pl anes and channel s i s 

measur ed by comput i ng t he sl ope f or  t he di gi t al  el evat i on 

model  and aver agi ng t hese val ues f or  t he el ement .   

Comput i ng t he sl ope f or  t he DEM was conduct ed usi ng ESRI  

Ar cObj ect s whi ch uses t he aver age maxi mum t echni que 

( Bur r ough,  1986) .   Thi s al gor i t hm comput es t he sl ope by 

f i t t i ng a pl ane t o t he 3 by 3 cel l  nei ghbor hood sur r oundi ng 

t he cel l  of  i nt er est  ( ESRI ,  2003a)  and i s pr esent ed i n 

Equat i on 5. 1.    

 

Equat i on 5. 1  ( Fr om ESRI ,  2003a)  

r i se_r un = SQRT( SQR( dz/ dx) +SQR( dz/ dy) )  
degr ee_sl ope = ATAN( r i se_r un)  *  57. 29578 

 

wher e f or  t he gi ven cel l  l ocat i ons:   

 

 

 

dz/ dx = ( ( a+2d+g)  -  ( c+2f +i ) )  /  ( 8* x_cel l _si ze)  
dz/ dy = ( ( a+2b+c)  -  ( g+2h+i ) )  /  ( 8* y_cel l _si ze)   

 

a b c 

d e f  

g h i  
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5. 5. 4.  Wat er shed Di scr et i zat i on 

 

Thr ee wat er sheds i n t he Wal nut  Gul ch Exper i ment al  

Wat er shed wer e used i n t hi s anal ysi s,  t he ent i r e Wal nut  

Gul ch boundar y ( WG- 1) ,  Wat er shed 6 ( WG- 6) ,  and Wat er shed 11 

( WG- 11) .   Each of  t hese t hr ee wat er sheds was di scr et i zed 

usi ng t hr ee di f f er ent  Cont r i but i ng Sour ce Ar ea ( CSA)  

val ues,  0. 5,  8,  and 15 per cent  of  t he wat er shed ar ea.   

These val ues wer e sel ect ed usi ng met hodol ogy pr esent ed by 

Mont gomer y and Fouf oul a- Geor gi ou ( 1993)  wher e Syed ( 1999)  

pl ot t ed t he l ocal  s l ope ver sus ar ea f or  al l  pi xel s i n t he 

wat er shed.   However ,  Syed ( 1999)  not ed t hat  “ at  best ,  t hese 

met hods can be used t o i nf er  an upper  l i mi t  on t he CSA 

val ues”  and t hat  “ t her e i s as yet  no concl usi ve met hod f or  

t he det er mi nat i on of  t he cont r i but i ng sour ce ar ea” .    

 

The hydr ol ogi c par amet er  val ues est i mat ed f r om t he si x 

di gi t al  el evat i on model s f or  t he t hr ee l ar gest  wat er sheds,  

WG- 1,  WG- 6,  and WG- 11 ar e pr esent ed i n Tabl es 5. 3,  5. 4,  and 

5. 5,  r espect i vel y.   The l ar gest  var i abi l i t y  i n der i ved 

par amet er  val ues f r om t he DEMs i s i n t he most  compl ex 

wat er shed conf i gur at i on ( 0. 5% CSA) .   For  t he l ar gest  
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wat er shed ( WG- 1)  wi t h t he most  compl ex conf i gur at i on,  t he 

number  of  channel s and pl anes r epr esent i ng t he wat er shed 

r anged f r om a mi ni mum of  96 pl anes and 224 channel s t o 107 

pl anes and 259 pl anes.   However ,  f or  t he l ar gest  wat er shed 

wi t h t he l east  compl ex conf i gur at i on,  t he number  of  

channel s and pl anes r epr esent i ng t he wat er shed wer e t he 

same r egar dl ess of  t he DEM.   For  t he smal l est  wat er shed 

( WG- 11) ,  t he most  compl ex conf i gur at i on had a r ange i n t he 

number  of  channel s and pl anes t o r epr esent  t he wat er shed of  

85 t o 97 channel s and 192 t o 237 pl anes.   Due t o t he smal l  

s i ze of  t he el ement s of  t he most  compl ex conf i gur at i on i n 

r el at i on t o t he l ar ge cel l  s i ze of  t he Shut t l e Radar  dat a,  

t he most  compl ex conf i gur at i on coul d not  be compl et ed f or  

WG- 11.   For  t he l east  compl ex conf i gur at i on,  t he number  of  

channel s and pl anes wer e i dent i cal  f or  al l  di gi t al  

el evat i on model s.    

 

For  a gi ven wat er shed ar ea and cont r i but i ng sour ce 

ar ea val ue,  t he hydr ol ogi c model  par amet er s var y 

s i gni f i cant l y bet ween di gi t al  el evat i on model s.   The 

gr eat est  di f f er ence bet ween t he mean channel  l engt h was 689 

met er s f r om wat er shed 6 ( WG- 6)  f or  t he mi ddl e conf i gur at i on 
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compl exi t y ( 8%) .   Wat er shed 6 ( WG- 6)  di scr et i zed at  t he 

l owest  compl exi t y has t he gr eat est  di f f er ence bet ween t he 

mean channel  s l ope and mean pl ane ar ea wi t h di f f er ences of  

10. 51% and 314. 4 hect ar es,  r espect i vel y.   The gr eat est  

di f f er ence i n mean pl ane sl ope was 9. 07% f or  t he Wat er shed 

11,  8% cont r i but i ng sour ce ar ea val ue.    
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Tabl e 5. 4  Di scr et i zat i on dat a f or  Wal nut  Gul ch ( Fl ume 1)  
at  di f f er ent  cont r i but i on sour ce ar eas.    

 
§ CSA = 0. 5% ( 74 ha)  

DEM 
Number  

of  
Channel s 

Mean 
Channel  

Lengt h ( m)  

Mean 
Channel  

Sl ope ( %)  

Number  
of  

Pl anes 

Mean 
Pl ane 
Ar ea 
( ha)  

Mean Pl ane 
Sl ope ( %)  

I FSAR 2. 5 m 103 1556. 9 9. 87 258 56. 8 12. 36 

I FSAR 10 m 101 1564. 0 6. 69 256 57. 2 9. 97 

USGS 10 m 101 1526. 0 4. 50 259 56. 5 8. 99 

USGS 30 m 107 1391. 9 4. 39 259 56. 5 8. 30 

WG DEM 10 m 103 1494. 7 6. 26 257 57. 1 9. 84 

SRTM 90 m 96 1438. 7 2. 83 224 63. 1 5. 37 

 

§ CSA = 8% ( 1184 ha)  

DEM 
Number  

of  
Channel s 

Mean 
Channel  

Lengt h ( m)  

Mean 
Channel  

Sl ope ( %)  

Number  
of  

Pl anes 

Mean 
Pl ane 
Ar ea 
( ha)  

Mean Pl ane 
Sl ope ( %)  

I FSAR 2. 5 m 9 3921. 6 10. 12 23 636. 6 12. 11 

I FSAR 10 m 9 3835. 9 7. 18 23 636. 1 10. 01 

USGS 10 m 9 3845. 9 4. 29 23 636. 5 9. 36 

USGS 30 m 9 3749. 6 3. 68 23 636. 2 8. 27 

WG DEM 10 m 9 3927. 2 6. 29 23 637. 7 9. 65 

SRTM 90 m 9 3335. 7 2. 45 23 615. 3 5. 27 
 

§ CSA = 15% ( 2220 ha)  

DEM 
Number  

of  
Channel s 

Mean 
Channel  

Lengt h ( m)  

Mean 
Channel  

Sl ope ( %)  

Number  
of  

Pl anes 

Mean 
Pl ane 
Ar ea 
( ha)  

Mean Pl ane 
Sl ope ( %)  

I FSAR 2. 5 m 3 6365. 9 11. 69 8 1830. 3 13. 67 

I FSAR 10 m 3 6207. 1 8. 35 8 1828. 8 11. 40 

USGS 10 m 3 6357. 9 5. 71 8 1830. 0 10. 44 

USGS 30 m 3 6248. 7 3. 64 8 1828. 9 9. 24 

WG DEM 10 m 3 6412. 6 7. 11 8 1833. 3 10. 43 

SRTM 90 m 3 5937. 7 2. 85 8 1769. 0 5. 74 
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Tabl e 5. 5  Di scr et i zat i on dat a f or  Wat er shed 6 ( Gage 6)  at  
di f f er ent  cont r i but i on sour ce ar eas.    

 
§ CSA = 0. 5% ( 16. 8 ha)  

DEM 
Number  

of  
Channel s 

Mean 
Channel  

Lengt h ( m)  

Mean 
Channel  

Sl ope ( %)  

Number  
of  

Pl anes 

Mean 
Pl ane 
Ar ea 
( ha)  

Mean Pl ane 
Sl ope ( %)  

I FSAR 2. 5 m 96 1309. 6 10. 67 243 37. 9 11. 71 

I FSAR 10 m 90 1368. 9 7. 22 234 39. 3 9. 85 

USGS 10 m 90 1314. 3 4. 44 230 40. 2 8. 72 

USGS 30 m 91 1274. 1 4. 12 222 41. 7 8. 44 

WG DEM 10 m 101 1189. 2 6. 44 251 36. 9 9. 67 

SRTM 90 m 96 1119. 7 2. 88 203 44. 0 5. 43 

 

§ CSA = 8% ( 748. 2 ha)  

DEM 
Number  

of  
Channel s 

Mean 
Channel  

Lengt h ( m)  

Mean 
Channel  

Sl ope ( %)  

Number  
of  

Pl anes 

Mean 
Pl ane 
Ar ea 
( ha)  

Mean Pl ane 
Sl ope ( %)  

I FSAR 2. 5 m 10 3597. 1 10. 04 24 384. 2 12. 27 

I FSAR 10 m 9 3888. 7 8. 25 24 383. 3 11. 43 

USGS 10 m 9 4008. 6 4. 82 25 369. 5 9. 53 

USGS 30 m 9 3815. 7 4. 47 23 402. 8 8. 81 

WG DEM 10 m 9 4005. 5 7. 34 22 420. 9 10. 93 

SRTM 90 m 9 3319. 7 2. 89 23 389. 1 5. 54 
 

§ CSA = 15% ( 1403. 0 ha)  

DEM 
Number  

of  
Channel s 

Mean 
Channel  

Lengt h ( m)  

Mean 
Channel  

Sl ope ( %)  

Number  
of  

Pl anes 

Mean 
Pl ane 
Ar ea 
( ha)  

Mean Pl ane 
Sl ope ( %)  

I FSAR 2. 5 m 8 1959. 7 12. 94 20 9219. 6 11. 05 

I FSAR 10 m 7 2254. 7 8. 15 19 9199. 6 10. 43 

USGS 10 m 7 2202. 1 4. 65 18 9237. 0 9. 50 

USGS 30 m 7 2097. 8 4. 59 18 9264. 1 8. 56 

WG DEM 10 m 7 2267. 5 7. 42 18 9260. 6 10. 39 

SRTM 90 m 5 2590. 6 2. 43 13 8949. 7 5. 55 
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Tabl e 5. 6  Di scr et i zat i on dat a f or  Wat er shed 11 ( Gage 11)  
at  di f f er ent  cont r i but i on sour ce ar eas.    

 
§ CSA = 0. 5% ( 3. 9 ha)  

DEM 
Number  

of  
Channel s 

Mean 
Channel  

Lengt h ( m)  

Mean 
Channel  

Sl ope ( %)  

Number  
of  

Pl anes 

Mean 
Pl ane 
Ar ea 
( ha)  

Mean Pl ane 
Sl ope ( %)  

I FSAR 2. 5 m 97 282. 0 9. 69 237 3. 3 12. 86 

I FSAR 10 m 87 311. 0 7. 31 209 3. 7 10. 80 

USGS 10 m 95 271. 7 5. 36 229 3. 4 8. 63 

USGS 30 m 88 284. 4 5. 98 192 4. 1 8. 30 

WG DEM 10 m 85 300. 1 6. 00 204 3. 9 9. 34 

SRTM 90 m - -  - -  - -  - -  - -  - -  

 

§ CSA = 8% ( 62. 8 ha)  

DEM 
Number  

of  
Channel s 

Mean 
Channel  

Lengt h ( m)  

Mean 
Channel  

Sl ope ( %)  

Number  
of  

Pl anes 

Mean 
Pl ane 
Ar ea 
( ha)  

Mean Pl ane 
Sl ope ( %)  

I FSAR 2. 5 m 5 2039. 33 9. 84 13 59. 5 14. 32 

I FSAR 10 m 5 2041. 41 6. 57 13 59. 8 11. 81 

USGS 10 m 5 1973. 46 4. 11 13 59. 8 9. 18 

USGS 30 m 5 1910. 8 4. 15 13 60. 3 8. 52 

WG DEM 10 m 5 1964. 99 5. 51 13 60. 4 10. 56 

SRTM 90 m 5 1769. 82 3. 85 13 58. 3 5. 25 
 

§ CSA = 15% ( 117. 8 ha)  

DEM 
Number  

of  
Channel s 

Mean 
Channel  

Lengt h ( m)  

Mean 
Channel  

Sl ope ( %)  

Number  
of  

Pl anes 

Mean 
Pl ane 
Ar ea 
( ha)  

Mean Pl ane 
Sl ope ( %)  

I FSAR 2. 5 m 5 1532. 56 10. 09 13 59. 5 14. 02 

I FSAR 10 m 5 1542. 18 6. 57 13 59. 8 11. 43 

USGS 10 m 5 1489. 97 4. 06 13 59. 8 8. 98 

USGS 30 m 5 1458. 00 4. 06 13 60. 2 8. 30 

WG DEM 10 m 5 1478. 64 5. 46 13 60. 5 10. 20 

SRTM 90 m 5 1287. 54 3. 35 13 58. 4 5. 21 

 

 



166 

 

5. 6.  Hydr ol ogi c Model  Si mul at i ons 

 

To eval uat e t he ef f ect s of  t he di f f er ent  DEM der i ved 

hydr ol ogi c par amet er s on si mul at ed r unof f ,  s i mul at i ons wer e 

per f or med f or  WG- 11 usi ng el even di f f er ent  r ai nf al l - r unof f  

event s,  and r esul t s wer e compar ed wi t h obser ved dat a.   The 

di scr et i zat i ons used i n t he pr evi ous sect i ons wer e modi f i ed 

t o capt ur e t he uni que hydr ol ogi c char act er i st i cs of  WG- 11.   

The wat er shed cont ai ns a pond t hat  r et ai ns r unof f  dur i ng 

r ai nf al l - r unof f  event s.   Ther ef or e,  t hi s pond cont r i but i ng 

ar ea was r emoved f r om t he t ot al  wat er shed ar ea because t hi s 

ar ea i s assumed t o not  cont r i but e r unof f  t o t he wat er shed 

out l et  f or  t he event s s i mul at ed.   I n addi t i on,  t he 0. 5 

per cent  cont r i but i ng sour ce ar ea val ue was r epl aced wi t h 

1. 5 per cent  because of  t he di f f i cul t i es i n t he wat er shed 

del i neat i on r out i nes usi ng a smal l  CSA val ue.    

 

Si mul at i ons wer e per f or med usi ng t he Ki nemat i c Runof f  

and Er osi on model ,  ver si on 2 ( KI NEROS2:  Smi t h et  al . ,  

1995) .   KI NEROS2 i s an event - or i ent ed,  physi cal l y based 

model  devel oped f or  s i mul at i ng r unof f  i n wat er sheds wher e 

Hor t oni an over l and f l ow pr edomi nat es.   The model  cont ai ns 
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mat hemat i cal  r el at i onshi ps est i mat i ng t he pr ocesses of  

i nt er cept i on,  i nf i l t r at i on,  sur f ace r unof f ,  and er osi on f or  

smal l  wat er sheds.   KI NEROS2 r epr esent s t he wat er shed as a 

cascade of  pl anes and channel s wher e par t i al  di f f er ent i al  

equat i ons f or  over l and and channel  f l ow,  er osi on and 

sedi ment  t r anspor t  ar e sol ved ut i l i z i ng f i ni t e di f f er ence 

t echni ques.   See Appendi x C f or  addi t i onal  i nf or mat i on on 

KI NEROS2.    

 

Model  par amet er s wer e der i ved usi ng t he Spat i al  

Deci s i on Suppor t  Syst em wat er shed del i neat i on and 

par amet er i zat i on r out i nes.   Par amet er s wer e est i mat ed usi ng 

r eadi l y avai l abl e l and cover  and soi l s GI S dat aset s and ar e 

pr esent ed i n Appendi x G.   Land cover  par amet er s wer e 

der i ved f r om Nor t h Amer i can Landscape Char act er i zat i on 

( NALC)  dat a and soi l s par amet er s wer e der i ved f r om NRCS 

St at e Soi l  Geogr aphi c ( STATSGO)  dat a.    

 

The Nor t h Amer i can Landscape Char act er i zat i on ( NALC)  

i mager y f r om 1986 was used because of  t he t empor al  

di st r i but i on of  t he r ai nf al l  event s.   NALC i s l and cover  

dat a der i ved f r om Landsat - MSS sat el l i t e scenes and 
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c l assi f i ed i nt o 10 cl asses speci f i cal l y f or  t he Upper  San 

Pedr o Wat er shed ( Mai ngi  et  al . ,  1999)  and i s cur r ent l y 

avai l abl e f or  1973,  1986,  1992,  and 1997.   The l and cover  

c l asses wer e used t o det er mi ne i nt er cept i on,  r oughness,  

i nf i l t r at i on,  and er osi on par amet er s f or  KI NEROS2.   WG- 11 

cont ai ns t hr ee l and cover  c l asses i n t he 1986 NALC i mager y,  

mesqui t e woodl ands,  gr assl ands,  and desser t  scr ub whi ch 

consi st  of  5,  42,  and 53 per cent  of  t he wat er shed,  

r espect i vel y.    

 

The STATSGO soi l s dat a ar e cr eat ed usi ng a compi l at i on 

of  mor e det ai l ed Soi l  Sur vey Geogr aphi c ( SSURGO)  dat a or  

f r om geol ogy,  t opogr aphy,  veget at i on,  and cl i mat e al ong 

wi t h Land Remot e Sensi ng ( LANDSAT)  i mages when SSURGO dat a 

ar e unavai l abl e ( USDA,  1994) .   The soi l s dat abase cont ai ns 

gener al i zed mappi ng uni t s wher e per cent ages of  mor e 

det ai l ed c l asses consi st i ng of  soi l  l ayer s and t he dept h 

and soi l  t ext ur e f or  each l ayer .   These soi l  t ext ur e 

c l asses wer e used t o der i ve t he KI NEROS2 par amet er s based 

on Tabl e 1 of  t he KI NEROS manual  ( Wool hi ser  et  al . ,  1990)  

and t he par amet er s wer e bot h dept h wei ght ed usi ng t he soi l  

char act er i st i cs of  t he t op 9 i nches of  t he soi l  and ar ea 
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wei ght ed usi ng t he per cent age of  each soi l  sub- cl ass wi t hi n 

t he gener al i zed cl ass.   For  t hi s appl i cat i on,  due t o t he 

r el at i vel y smal l  s i ze of  WG- 11 compar ed t o t he s i ze of  t he 

gener al i zed soi l  uni t s,  t he wat er shed i s cont ai ned i n one 

mappi ng uni t .   The soi l  f or  t he wat er shed i s descr i bed as 

60% gr avel l y l oam,  25% gr avel - f i ne sandy l oam,  and 15% f i ne 

sandy l oam.   The channel  el ement s wer e assumed sand whi ch 

al l owed f or  t he s i mul at i on of  t r ansmi ssi on l osses al ong t he 

channel  r each.  

 

The r ai nf al l  event s used i n t he s i mul at i ons pr ovi de a 

r ange of  s i zes ( Tabl e 5. 7) .   The l ar gest  r ai nf al l  event  

s i mul at ed occur r ed on August  17,  1986 wher e appr oxi mat el y 

41 mi l l i met er s of  r ai n f el l  over  12 hour s,  and t he smal l est  

event  s i mul at ed occur r ed on August  10,  1986 wher e 7. 1 

mi l l i met er s f el l  over  4. 5 hour s.   Al l  r ai nf al l  and r unof f  

event  val ues wer e eval uat ed and document ed i n Goodr i ch et  

al .  ( 1997) .   
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Tabl e 5. 7 Rai nf al l  event s used i n s i mul at i ons 

 

Rai nf al l  Event  Dat e 
Appr oxi mat e WG 11 

r ai nf al l  ( mm)  
Event  Dur at i on 

( mi n)  

25 August  1984 17. 9 180 
17 Jul y 1985 32. 9 360 
24 June 1986 18. 1 270 
15 Jul y 1986 27. 9 420 

9 August  1986 33. 1 270 
10 August  1986 7. 1 270 
14 August  1986 25. 3 330 
17 August  1986 41. 3 720 
29 August  1986 32. 3 380 
3 August  1988 10. 6 300 

20 August  1988 12. 3 360 

 

 

Si mul at i on out put  was compar ed t o obser ved dat a f or  

t he el even r ai nf al l - r unof f  event s ( See Appendi x H f or  al l  

out put ) .   The per cent  er r or  or  depar t ur e f r om obser ved 

val ues was cal cul at ed f or  peak r unof f  and t ot al  r unof f  

vol ume f or  each event .   The aver age absol ut e per cent  er r or  

was aver aged f or  each DEM- CSA combi nat i on and i s pr esent ed 

i n t abl es 5. 8 and 5. 9.   The number  of  s i mul at i ons t hat  wer e 

gr eat er  t han or  l ess t han t he obser ved val ues i s al so 

pr esent ed i n t abl es 5. 8 and 5. 9.   The per cent  er r or  i s 

cal cul at ed as:   

 

100
)( •−=

observed

observedpredicted
r  
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wher e pr edi ct ed i s t he KI NEROS2 si mul at ed r unof f  vol ume or  

peak f l ow val ue,  and obser ved i s t he measur ed r unof f  vol ume 

or  peak f l ow val ue.   Negat i ve per cent  di f f er ence val ues 

i ndi cat e t he per cent age t he si mul at ed val ue i s l ess t han 

t he obser ved val ue whi l e posi t i ve per cent  di f f er ence val ues 

i ndi cat e t he per cent age t he si mul at ed val ue i s gr eat er  t han 

t he obser ved val ue.   Per cent  di f f er ence val ues of  zer o 

i ndi cat ed t he pr edi ct ed r unof f  or  peak f l ow val ue i s equal  

t o t he obser ved val ue.    
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Tabl e 5. 8 Runof f  Vol ume 

DEM CSA ( %)  
Aver age 

Absol ut e 
Per cent  Er r or  

Number  s i mul at i ons 
gr eat er / l ess t han 

obser ved 

SAR 2. 5M 1. 5 119. 2 6/ 5 
SAR 2. 5M 8. 0 90. 0 3/ 8 
SAR 2. 5M 15. 0 85. 9 3/ 8 

SAR 10M 1. 5 108. 6 4/ 7 
SAR 10M 8. 0 85. 8 3/ 8 
SAR 10M 15. 0 81. 0 2/ 9 

USGS 10M 1. 5 104. 4 4/ 7 
USGS 10M 8. 0 80. 9 2/ 9 
USGS 10M 15. 0 79. 4 2/ 9 

USGS 30M 1. 5 106. 9 3/ 8 
USGS 30M 8. 0 80. 4 2/ 9 
USGS 30M 15. 0 78. 5 2/ 9 

WG 10M 1. 5 106. 6 4/ 7 
WG 10M 8. 0 84. 3 3/ 8 
WG 10M 15. 0 81. 0 2/ 9 

SRTM 90M 8. 0 77. 9 2/ 9 
SRTM 90M 15. 0 74. 7 2/ 9 

 

Tabl e 5. 9 Peak Runof f   

DEM CSA ( %)  
Aver age 

Absol ut e 
Per cent  Er r or  

Number  s i mul at i ons 
gr eat er / l ess t han 

obser ved 

SAR 2. 5M 1. 5 81. 0 5/ 6 
SAR 2. 5M 8. 0 63. 6 3/ 8 
SAR 2. 5M 15. 0 64. 1 2/ 9 

SAR 10M 1. 5 96. 4 4/ 7 
SAR 10M 8. 0 66. 2 3/ 8 
SAR 10M 15. 0 62. 6 1/ 10 

USGS 10M 1. 5 78. 9 3/ 8 
USGS 10M 8. 0 67. 1 1/ 10 
USGS 10M 15. 0 70. 5 0/ 11 

USGS 30M 1. 5 82. 6 5/ 6 
USGS 30M 8. 0 67. 6 1/ 10 
USGS 30M 15. 0 72. 3 0/ 11 

WG 10M 1. 5 80. 0 4/ 7 
WG 10M 8. 0 63. 4 2/ 9 
WG 10M 15. 0 65. 8 1/ 10 

SRTM 90M 8. 0 69. 9 1/ 10 
SRTM 90M 15. 0 76. 0 0/ 11 
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I n gener al ,  usi ng t he uncal i br at ed model  par amet er  

val ues f r om l ook- up t abl es di d not  pr oduce si mul at ed r unof f  

vol umes or  peak f l ow val ues t hat  wer e c l ose t o obser ved 

val ues.   Compar i ng t he r unof f  vol ume val ues,  t he aver age 

absol ut e per cent  er r or  r anged f r om a l ow of  74 per cent  f or  

t he SRTM 90 met er  DEM – 15 per cent  CSA si mul at i on t o 119 

per cent  f or  t he SAR 2. 5 met er  DEM – 1. 5 per cent  CSA 

si mul at i on.   Si mul at ed r unof f  vol umes under  pr edi ct ed t he 

obser ved r unof f  vol ume f or  al most  75 per cent  of  t he 

s i mul at i ons ( 138 of  187 si mul at i ons) .    

 

The pr edi ct i ons wer e s l i ght l y bet t er  f or  t he peak 

r unof f  val ues;  however ,  pr edi ct i ons wer e st i l l  poor .   The 

aver age absol ut e per cent  er r or  f or  peak r unof f  pr edi ct i ons 

r anged f r om a l ow of  62. 9 per cent  f or  t he SAR 10 met er  15 

per cent  CSA val ue si mul at i on t o 96. 4 per cent  f or  t he f or  

t he SAR 10 met er  1. 5 per cent  CSA val ue.   Si mul at ed peak 

r unof f  al so under  pr edi ct ed obser ved peak r unof f  f or  al most  

81 per cent  of  t he s i mul at i ons ( 151 of  187 si mul at i ons) .   

 

Scat t er  pl ot s of  s i mul at ed ver sus obser ved r unof f  

vol umes and peak r unof f  val ues f or  t he di f f er ent  di gi t al  
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el evat i on model s and cont r i but i ng sour ce ar ea val ues ar e 

pr esent ed i n Fi gur es 5. 11 and 5. 12.   For  t he maj or i t y of  

event s,  t he r unof f  vol umes and peak f l ow val ues i ncr eased 

wi t h decr easi ng CSA val ues.   Thi s i s count er  i nt ui t i ve t o 

t he changes i n aver age sl ope val ues pr esent ed i n Tabl e 5. 6 

wher e s l opes sl i ght l y i ncr eased wi t h i ncr easi ng CSA val ues.   

However ,  t he t ot al  channel  l engt hs i ncr ease dr ast i cal l y 

wi t h decr easi ng CSA val ues i ndi cat i ng t hat  t he channel  

pr ocesses domi nat e,  pr oduce l ower  upl and l osses f r om 

i nt er cept i on and i nf i l t r at i on,  and hi gher  subsequent  r unof f  

vol umes and peak f l ows.    

 

For  t he l ar gest  r unof f  event ,  al l  DEMs wi t h t he 1. 5 

per cent  CSA per f or med si mul at i ons t hat  wer e t he cl osest  t o 

obser ved val ues.   The SAR 2. 5 met er  DEM,  SAR 10 met er ,  and 

USGS 30 met er  DEM pr edi ct ed r unof f  vol umes t he cl osest  wi t h 

per cent  er r or  val ue of  0. 1,  - 8. 9,  and –10. 2,  r espect i vel y.   

The USGS 30 met er  DEM,  t he SAR 10 met er  DEM,  and t he Wal nut  

Gul ch 10 met er  DEM pr edi ct ed peak r unof f  val ues t he cl osest  

wi t h per cent  er r or  val ues of  0. 9,  - 1. 2,  and –2. 5,  

r espect i vel y.    
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Fi gur e 5. 11 Scat t er  pl ot s of  obser ved ver sus si mul at ed 
r unof f  vol umes f or  di f f er ent  di gi t al  el evat i on model s and 
cont r i but i ng sour ce ar ea val ues f or  Wat er shed 11 
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Fi gur e 5. 12 Scat t er  pl ot s of  obser ved ver sus si mul at ed peak 
r unof f  f or  di f f er ent  di gi t al  el evat i on model s and 
cont r i but i ng sour ce ar ea val ues f or  Wat er shed 11 
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5. 7.  Summar y and Concl usi on 

 

Af t er  exami ni ng t he r ange i n model  par amet er  val ues 

der i ved f r om di gi t al  el evat i on model s,  t he sel ect i on of  DEM 

t o i ncl ude i n t he model  par amet er i zat i on pr ocess wi l l  

def i ni t el y af f ect  t he s i mul at i on model i ng r esul t s.   Gi ven 

t he sel ect i on of  avai l abl e DEMs t o per f or m model i ng t asks,  

whi ch DEM wi l l  pr oduce t he best  r esul t s?  Compar i sons 

conduct ed wi t h t he sur vey dat a i ndi cat e t he I FSAR 2. 5 met er  

dat a ar e t he most  accur at e.   However ,  t he model i ng r esul t s 

f or  Wat er shed 11 di d not  coi nci de wi t h t he er r or  anal ysi s;  

t he I FSAR 2. 5 met er  DEM di d not  pr oduce si mul at i on r esul t s 

t hat  wer e mor e accur at e t hat  t he ot her  DEMs.   For  t he 

el even r ai nf al l - r unof f  event ,  al l  DEM- CSA combi nat i ons 

pr oduced poor  r esul t s.   Based on t he l ar ge di f f er ences 

bet ween si mul at ed and obser ved val ues,  soi l  and l and cover  

der i ved par amet er s shoul d be r eexami ned pr i or  t o maki ng 

concl usi ve st at ement s about  t he “ best ”  t he di gi t al  

el evat i on model  – cont r i but i ng sour ce ar ea val ues f or  WG-

11.    
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CHAPTER 6 

EVALUATI ON OF THE SENSI TI VI TY OF MANAGEMENT  

SYSTEM RANKI NGS BY THE SDSS  

 

 

 

6. 1.  I nt r oduct i on 

 

Af t er  exami ni ng t he changes i n hydr ol ogi c model i ng 

par amet er  val ues der i ved f r om t he si x di gi t al  el evat i on 

model s,  Chapt er  6 eval uat es t he sensi t i v i t y of  t he 

management  syst ems r anki ngs by t he spat i al  deci s i on suppor t  

syst em based on t he di f f er ent  di gi t al  el evat i on model s,  

cont r i but i ng sour ce ar eas,  and pr eci pi t at i on event  s i zes.   

As i l l ust r at ed i n Chapt er  5,  di f f er ent  DEMs and CSA val ues 

pr oduce di f f er ent  t opogr aphi c par amet er  val ues and 

t her ef or e hydr ol ogi c s i mul at i on r esul t s usi ng di f f er ent  

DEMs ar e expect ed t o be uni que.   However ,  t he pur pose of  

t hi s anal ysi s i s t o eval uat e t he ef f ect  of  di f f er ences i n 

DEMs,  CSA val ues,  and pr eci pi t at i on event  s i zes on 

management  syst em r anki ngs by t he deci s i on suppor t  syst em.   

Speci f i cal l y,  do t he or di nal  r anki ngs of  management  syst em 
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al t er nat i ves change as a f unct i on of  t he di gi t al  el evat i on 

model ,  cont r i but i ng sour ce ar ea val ue,  and pr eci pi t at i on 

event  s i ze used i n t he s i mul at i on? 

 

6. 2.  Met hods 

 

The si mul at i ons and anal ysi s f or  t hi s st udy ar e 

per f or med on Wat er shed 11 i n t he Wal nut  Gul ch Exper i ment al  

Wat er shed ( Fi gur e 5. 1) .   Thi s wat er shed was sel ect ed 

because of  i t s  r el at i vel y smal l  s i ze and subsequent  

sensi t i v i t y t o changes i n management .   Dur i ng t he wi nt er  of  

2003,  f ence l ocat i ons wer e r ecor ded wi t h hand- hel d gl obal  

posi t i oni ng syst em uni t s and past ur e boundar i es wer e mapped 

pr ovi di ng est i mat es of  t he l ocat i on and si ze of  past ur es.     

 

Si x management  syst ems wer e cr eat ed t o eval uat e t he 

sensi t i v i t y of  t he di gi t al  el evat i on model s,  cont r i but i ng 

sour ce ar ea,  and pr eci pi t at i on event  s i ze on spat i al  

deci s i on suppor t  syst em r anki ngs ( Fi gur e 6. 1) .   The 

management  syst ems cont ai n past ur e boundar i es der i ved f r om 

f i el d sur veys wi t h wat er  sour ces moved t o di f f er ent  

l ocat i ons wi t hi n each past ur e t o cont r ol  t he di st r i but i on 

of  l i vest ock.   Management s Syst em 1 has wat er  l ocat i ons 
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c l ust er ed i n t he sout heast  por t i on of  t he wat er shed.   

Management  Syst em 2 has wat er  sour ces f or  each past ur e 

l ocat ed out si de t he wat er shed boundar y,  but  t he l i vest ock 

di st r i but i on wi l l  s t i l l  af f ect  model i ng r esul t s.   

Management  Syst em 3 uses r eal  wor l d pond l ocat i ons as 

nat ur al  wat er  sour ces.   Pond l ocat i ons wer e obt ai ned f r om 

spat i al  dat a devel oped by t he USDA Agr i cul t ur al  Resear ch 

Ser vi ce,  Sout hwest  Wat er shed Resear ch Cent er .   The f our t h,  

f i f t h,  and si xt h management  syst ems var y t he wat er  sour ce 

l ocat i ons t o di f f er ent  pl aces wi t hi n t he t hr ee past ur es.   

Management  Syst em 4 has t wo wat er  poi nt s l ocat ed out si de 

t he wat er shed boundar y,  whi l e Management  Syst em 5 has one 

wat er  poi nt  l ocat ed out si de of  t he wat er shed boundar y.   For  

t he past ur e t hat  cover s t he maj or i t y of  Wat er shed 11,  

Management  Syst em 6 has t he wat er  poi nt  t he f ur t hest  away 

f r om t he wat er shed boundar y.   

 

The model i ng pr ocedur e was compr i sed of  mul t i pl e st eps 

and i s depi ct ed gr aphi cal l y i n Fi gur es 6. 2 and 6. 3.   The 

f i r st  st ep was t o subdi v i de t he 785- hect ar e wat er shed 

boundar y i nt o wat er shed el ement s.   Cont r i but i ng sour ce ar ea 

val ues of  1. 5 per cent  ( 11. 8 ha) ,  8 per cent  ( 62. 8 ha) ,  and 

15 per cent  ( 117. 8 ha)  of  t he wat er shed ar ea wer e sel ect ed 
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so t hat  r esul t s f r om t hi s anal ysi s coul d be eval uat ed 

wi t hi n t he cont ext  of  r esul t s pr esent ed i n Chapt er  5.   

Because er r or s wer e pr oduced dur i ng wat er shed del i neat i ons 

f or  t he SRTM 90 met er  dat a usi ng t he 0. 5 per cent  CSA val ue,  

t he smal l est  CSA val ue was i ncr eased t o 1. 5 per cent  f or  t he 

s i mul at i ons.   However ,  t hi s i ncr ease i n CSA di d not  y i el d 

successf ul  del i neat i ons and t her ef or e,  s i mul at i ons wer e not  

per f or med f or  t he 1. 5 per cent  CSA val ue -  SRTM 90 met er  DEM 

combi nat i ons.   These r anges i n CSA val ues al l ow t he 

sensi t i v i t y of  CSA on sedi ment  y i el d t o be eval uat ed.    

 

For  each management  syst em and each subdi v i s i on f r om 

t he di f f er ent  di gi t al  el evat i on model s,  par amet er s af f ect ed 

by l i vest ock i mpact  wer e modi f i ed usi ng RANGEMAP ( Guer t i n 

et  al . ,  1998)  r out i nes i ncor por at ed i n t he spat i al  deci s i on 

suppor t  syst em ( See Sect i on 4. 3. 2 above) .   These modi f i ed 

par amet er s wer e s i mul at ed usi ng KI NEROS wi t h s i x di f f er ent  

pr eci pi t at i on event s:  a 5 year  -  30 mi nut e event ,  a 5 year  

-  60 mi nut e event ,  a 10 year  -  30 mi nut e event ,  a 10 year  -  

60 mi nut e event ,  a 100 year  -  30 mi nut e event ,  and a 100 

year  -  60 mi nut e event  ( Fi gur e 6. 4) .   Whi l e i t  i s  

r ecogni zed t hat  r ai nf al l  event s i n t he semi - ar i d sout hwest  

exhi bi t  a hi gh degr ee of  spat i al  var i abi l i t y  ( Osbor n et  
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al . ,  1993) ,  f or  t hi s anal ysi s,  r ai nf al l  was assumed 

spat i al l y  uni f or m.   Thi s assumpt i on pr event s compl i cat i ng 

i nt er act i ons bet ween l i vest ock di st r i but i on and r ai nf al l  

di st r i but i on dur i ng s i mul at i ons.   For  exampl e,  management  

syst ems wi t h a hi gh concent r at i on of  l i vest ock i mpact s i n 

an ar ea t hat  r ecei ves a mor e i nt ense r ai nf al l  woul d pr oduce 

hi gher  r at es of  er osi on compar ed t o a di f f er ent  management  

syst em t hat  has an equal l y hi gh concent r at i on of  l i vest ock 

i mpact  i n an ar ea t hat  r ecei ves a l ess i nt ense r ai nf al l .    

 

The di f f er ent  combi nat i ons of  6 DEMs,  3 CSA val ues,  6 

management  syst ems,  and 6 pr eci pi t at i on event  s i zes y i el d 

648 si mul at i ons.   However ,  as st at ed above,  t he wat er shed 

del i neat i ons wi t h t he smal l est  CSA val ue ( 1. 5 per cent )  

pr oduced er r or s usi ng t he Shut t l e Radar  Topogr aphy Mi ssi on 

90 met er  dat a.   These er r or s r esul t  f r om t he l ar ge cel l  

s i ze r el at i ve t o t he smal l  cont r i but i ng sour ce ar ea.   Thi s 

r el at i onshi p r esul t s i n poor l y def i ned wat er  f l ow pat hs 

whi ch pr oduce er r or s i n t he wat er shed del i neat i on pr ocess.   

As a r esul t ,  t he combi nat i ons of  DEMs,  CSA val ue,  

management  syst ems,  and pr eci pi t at i on event s y i el ded 612 

si mul at i ons t hat  wi l l  be used i n t hi s anal ysi s.  
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Fi gur e 6. 1 Management  Syst ems used t o eval uat e t he i mpact  
of  di gi t al  el evat i on model  uncer t ai nt y on t he spat i al  
deci s i on suppor t  syst em r anki ng of  al t er nat i ves.    

 
 

Wat er shed 11 
Boundar y 

Past ur e 
Boundar y 
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Fi gur e 6. 2  Pr ocedur e t o compar e r anki ng of  management  
syst em al t er nat i ves usi ng di f f er ent  di gi t al  el evat i on 
model s i n t he spat i al  deci s i on suppor t s syst em.  

Compar e 
management  
syst em r anki ng 
f r om each DEM t o 
see i f  t hey ar e 
di f f er ent ,  f or  
t he t hr ee 
wat er shed si zes.  

Management  syst em 
r anki ngs based on 
t ot al  er osi on 
f r om pl anes,  i . e.  
1.  Mgmt  Syst em 2 
2.  Mgmt  Syst em 1 
3.  Mgmt  Syst em 3 
4.  Mgmt  Syst em 4 
5.  Mgmt  Syst em 6 
6.  Mgmt  Syst em 5 

Management  
Syst em 1 

Σ Pl ane  
Er osi on   

5yr ,  30m 
5yr ,  60mi n 
10yr ,  30m 
10yr ,  60mi n 
100yr ,  30m 
100yr ,  60mi n 

Pr eci pi t at i on 
Event  Si ze 

Management  
Syst em 2 

Management  
Syst em 6 

SAR 2. 5m 

SAR 10m 

USGS 10m 

USGS 30m 

WG 10m 

SRTM 90m 

WG 

CSA 
1. 5%,  8%,  & 15% 

Σ Pl ane 
Er osi on   

5yr ,  30m 
5yr ,  60mi n 
10yr ,  30m 
10yr ,  60mi n 
100yr ,  30m 
100yr ,  60mi n 

Σ Pl ane  
Er osi on   

5yr ,  30m 
5yr ,  60mi n 
10yr ,  30m 
10yr ,  60mi n 
100yr ,  30m 
100yr ,  60mi n 
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Fi gur e 6. 3  Di f f er ent  combi nat i ons of  s i mul at i ons per f or med 
by t he Spat i al  Deci s i on Suppor t  Syst em.   

* *  Act ual l y  had 612 s i mul at i ons because of  er r or s i n di scr et i z i ng 
wat er shed f or  CSA of  1. 5% wi t h SRTM 90 met er  DEM 

SAR 2. 5m 

SAR 10m 

USGS 10m 

USGS 30m 

WG 10m 

SRTM 90m 

WG 

CSA 
3 Var i at i ons 

DEM 
6 Var i at i ons 

8% 1. 5 15% 

Mgmt  Sys 1 

Mgmt  Sys 2 

Mgmt  Sys 3 

Mgmt  Sys 4 

Mgmt  Sys 5 

Mgmt  Sys 6 

MANAGEMENT SYSTEMS 
6 Var i at i ons 

5yr ,  60mi n 
10yr ,  30mi n 

10yr ,  60mi n 

100yr ,  30mi n 
100yr ,  60mi n 

PRECI PI TATI ON EVENTS 
6 Var i at i ons 

TOTAL 
648 Si mul at i ons* *  

5yr ,  30mi n 
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6. 3.  Resul t s  

 

The gr azi ng i nt ensi t i es f or  t he s i x management  syst ems 

ar e depi ct ed i n Fi gur e 6. 5.   These f i gur es i l l ust r at e t he 

gr azi ng i nt ensi t y and subsequent  i mpact  on soi l  hydr aul i c 

pr oper t i es of  t he di st r i but i on of  l i vest ock wi t hi n a 

past ur e.   Gr azi ng i nt ensi t i es ar e a f unct i on of  t he 

l ocat i on of  a wat er  poi nt  i n a past ur e because onl y t he 

l ocat i on and number  of  wat er  poi nt s changed bet ween t he 

management  syst ems.    

 

I ndi v i dual  s i mul at i on r esul t s ar e or gani zed t o v i ew 

sedi ment  y i el d val ues and management  syst em r anki ngs f or  

t he di f f er ent  DEMs whi l e var yi ng t he cont r i but i ng sour ce 

ar ea val ues ( 1. 5 per cent ,  8. 0 per cent ,  and 15 per cent )  and 

r ai nf al l  event  s i zes ( 5- year  30- mi nut e,  5- year  60- mi nut e,  

10- year  30- mi nut e,  10- year  60- mi nut e,  100- year  30- mi nut e,  

and 100- year  60- mi nut e) .   Management  syst ems ar e r anked 

based on t he sedi ment  y i el d pr oduced f or  t he s i mul at i ons.   

An obj ect i ve i n desi gni ng r angel and management  syst ems i s 

t o r educe sedi ment  y i el d.   As a r esul t ,  t he “ best ”  

management  syst em i s t he syst em t hat  has t he l owest  

sedi ment  y i el d pr edi ct ed by KI NEROS,  and t he “ wor st ”   
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Fi gur e 6. 5  Gr azi ng i nt ensi t y f or  Management  Syst ems 
( Dar ker  ar eas i ndi cat e hi gher  gr azi ng i nt ensi t y)  

 

 

Fi gur e 6. 5( a) .   Gr azi ng i nt ensi t y f or  Management  Syst em 1 

 

 

 

Fi gur e 6. 5( b) .   Gr azi ng i nt ensi t y f or  Management  Syst em 2 
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Fi gur e 6. 5( c) .   Gr azi ng i nt ensi t y f or  Management  Syst em 3 

 

 

 

Fi gur e 6. 5( d) .   Gr azi ng i nt ensi t y f or  Management  Syst em 4 
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Fi gur e 6. 5( e) .   Gr azi ng i nt ensi t y f or  Management  Syst em 5 

 

 

 

Fi gur e 6. 5( f ) .   Gr azi ng i nt ensi t y f or  Management  Syst em 6
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management  syst em i s t he syst em t hat  has t he hi ghest  

sedi ment  y i el d pr edi ct ed by KI NEROS.   Si mul at i ons f or  t he 

s i x pr eci pi t at i on event s usi ng a 1. 5,  8. 0,  and 15 per cent  

cont r i but i ng sour ce ar ea val ues ar e pr esent ed i n Appendi x 

I ,  Tabl es I . 1 – I . 6,  Tabl es I . 7 – I . 12,  and Tabl e I . 13-  

I . 18,  r espect i vel y.    

 

Si mul at i ons usi ng t he I FSAR 2. 5 met er  DEM pr oduced 

hi gher  sedi ment  y i el d val ues compar ed t o sedi ment  y i el d 

r esul t s f r om si mul at i ons usi ng t he f i ve ot her  DEMs.   Usi ng 

t he 8 per cent  CSA,  5- year ,  30- mi nut e pr eci pi t at i on event  

wi t h Management  Syst em 6 as an exampl e ( Tabl e F. 7) ,  

s i mul at i ons usi ng t he I FSAR 2. 5 met er  DEM pr oduces sedi ment  

y i el d val ues t hat  wer e over  3 t i mes hi gher  t han sedi ment  

y i el d val ues f r om si mul at i ons usi ng t he I FSAR 10 met er  DEM,  

6. 8 t i mes hi gher  t han sedi ment  y i el d val ues f r om 

si mul at i ons usi ng t he Wal nut  Gul ch 10 met er  DEM,  14. 4 t i mes 

hi gher  t han sedi ment  y i el d val ues f r om si mul at i ons usi ng 

t he USGS 30 met er  DEM,  19 t i mes hi gher  t han sedi ment  y i el d 

val ues f r om si mul at i ons usi ng t he USGS 10 met er  DEM,  and 

28. 5 t i mes hi gher  t han sedi ment  y i el d val ues f r om 

si mul at i ons usi ng t he SRTM 90 met er  DEM.   Thi s r el at i ve 

pat t er n was expect ed based on t he sl ope val ues det er mi ned 
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i n t he anal ysi s per f or med i n Chapt er  5.   Al so expect ed was 

t hat  s i mul at i ons based on t he Shut t l e Radar  Topogr aphy 

Mi ssi on 90 met er  dat a pr oduced t he l owest  sedi ment  y i el d 

val ues,  coi nci di ng wi t h t he l ower  s l ope val ues det er mi ned 

f r om t he anal ysi s conduct ed i n Chapt er  5.    

 

The r el at i ve di f f er ences among sedi ment  y i el d val ues 

ar e gr eat er  f or  smal l er  pr eci pi t at i on event  s i zes compar ed 

t o l ar ger  pr eci pi t at i on event  s i zes.   Compar i ng si mul at i on 

r esul t s f r om smal l est  and l ar gest  pr eci pi t at i on event s ( 5 

year ,  30 mi nut e s i mul at i on and t he 100 year ,  60 mi nut e 

s i mul at i on)  usi ng Management  Syst em 1 wi t h an 8 per cent  

cont r i but i ng sour ce ar ea as an exampl e,  sedi ment  y i el d was 

3. 1 t i mes hi gher  and 7. 4 t i mes hi gher  f or  s i mul at i ons wi t h 

t he I FSAR 2. 5 met er  DEM t han t he I FSAR 10 met er  DEM,  

r espect i vel y.   A s i mi l ar  pat t er n was exhi bi t ed by 

s i mul at i ons wi t h t he 15 per cent  cont r i but i ng sour ce ar ea 

f or  Management  Syst em 1;  sedi ment  y i el d was 1. 5 t i mes 

hi gher  f or  s i mul at i ons usi ng I FSAR 2. 5 met er  DEM t han f or  

s i mul at i ons usi ng I FSAR 10 met er  DEM f or  t he 5 year ,  30 

mi nut e pr eci pi t at i on event ,  and 4. 4 t i mes gr eat er  f or  t he 

100 year ,  60 mi nut e pr eci pi t at i on event .    
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Excl udi ng sedi ment  y i el d r esul t s f r om si mul at i ons 

usi ng t he Shut t l e Radar  Topogr aphy Mi ssi on 90 met er  DEM,  as 

t he cont r i but i ng sour ce ar ea i ncr eases t he sedi ment  y i el d 

decr eases.   For  a gi ven DEM,  management  syst em,  and 

r ai nf al l  event  s i ze,  t he smal l est  CSA ( 1. 5 per cent )  

pr oduced t he hi ghest  sedi ment  y i el d of  t he t hr ee CSA val ues 

f or  al l  but  seven si mul at i ons,  and never  had t he l owest  

sedi ment  y i el d est i mat e of  t he t hr ee CSA val ues.   The 

l ar gest  CSA val ue ( 15 per cent )  pr oduced t he l owest  sedi ment  

y i el d i n 105 of  t he 180 si mul at i ons,  and pr oduced t he 

hi ghest  of  t he t hr ee sedi ment  y i el d est i mat es i n 5 of  t he 

s i mul at i ons.   The mi ddl e CSA val ue ( 8 per cent )  had t he 

mi ddl e of  t he t hr ee sedi ment  y i el d est i mat es dur i ng 103 of  

t he 180 si mul at i ons and t he l owest  of  t he t hr ee sedi ment  

y i el d est i mat es f or  75 of  t he s i mul at i ons.     

 

A f r equency anal ysi s was per f or med t o exami ne t he 

management  syst em r anki ngs.   Si mul at i on r esul t s wer e 

gr ouped based on t he model i ng var i abl e of  i nt er est  ( i . e.  

DEM,  CSA,  or  pr eci pi t at i on event  s i ze) .   For  each gr oupi ng,  

t he number  of  occur r ences each management  syst em was r anked 

f i r st  t hr ough si x was cal cul at ed and pl ot t ed ( Tabl es 6. 1 

t hr ough 6. 13) .   Thi s anal ysi s pr ovi des i nsi ght  i nt o t he 
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changes i n di st r i but i on of  t he management  syst em r anki ngs 

based on di f f er ent  DEMs,  cont r i but i ng sour ce ar ea val ues,  

and pr eci pi t at i on event s s i zes.   Management  syst ems wer e 

r anked based on mi ni mi zi ng er osi on;  t he hi ghest  r anked or  

“ best ”  management  syst em pr oduced t he l owest  sedi ment  

y i el d.   Conver sel y,  t he l owest  r anked or  “ wor st ”  management  

syst em pr oduced t he hi ghest  sedi ment  y i el d.    

 

The management  syst em r anki ngs f or  al l  s i mul at i ons ar e 

i l l ust r at ed i n Tabl e 6. 1.   Management  Syst em 6 was r anked 

t he best  dur i ng hal f  ( 50 per cent )  of  t he 612 si mul at i ons 

compar ed t o Management  Syst em 1 and 2,  whi ch wer e r anked 

t he best  dur i ng 14. 7 per cent  of  t he s i mul at i ons.   

Management  Syst ems 4 and 3 wer e r anked best  t he f ewest  

dur i ng 4. 9 and 2. 0 per cent  of  t he s i mul at i ons,  

r espect i vel y.   Exami ni ng t he management  syst ems t hat  wer e 

r anked t he l owest ,  Management  Syst em 3,  Management  Syst em 

4,  and Management  Syst em 5 wer e r anked si xt h f or  35. 3,  

21. 6,  and 17. 6 per cent  of  t he s i mul at i ons,  r espect i vel y.   

Management  Syst em 2 r anked t he l owest  t he l east  f r equent l y 

( 7. 8 per cent  of  t he s i mul at i ons)  whi l e Management  Syst ems 

1,  and 6 r anked t he l owest  f or  8. 8 per cent  of  t he 

s i mul at i ons.  
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The f r equency of  management  syst em r anki ngs f r om 

si mul at i ons usi ng a 1. 5 per cent ,  8. 0 per cent ,  and 15 

per cent  cont r i but i ng sour ce ar ea val ue ar e i n Tabl es 6. 2,  

6. 3,  6. 4.   For  s i mul at i ons wi t h t he smal l est  cont r i but i ng 

sour ce ar ea ( 1. 5 per cent ) ,  Management  Syst em 6 was r anked 

t he best  i n 60 per cent  of  t he s i mul at i ons whi l e Management  

Syst em 3 was never  r anked t he best  ( 0 per cent ) .   The 

f r equency of  management  syst ems r anked 2 t hr ough 6 i s not  

as consi st ent  compar ed t o r anki ng 1.   For  exampl e,  

Management  Syst em 3 was r anked t hi r d f or  23 per cent  of  t he 

s i mul at i ons whi l e Management  Syst ems 1,  2,  and 4 wer e 

r anked t hi r d f or  20 per cent  of  t he s i mul at i ons.    

 

Unl i ke t he r anki ngs of  t he 1. 5 per cent  cont r i but i ng 

sour ce ar ea si mul at i ons,  t he 8 per cent  and 15 per cent  

management  syst ems r anki ngs i l l ust r at e a pr edomi nant  

management  syst em f or  a gi ven r ank.   Exami ni ng r esul t s f or  

s i mul at i ons usi ng t he 8 per cent  CSA,  Management  Syst em 6 

was r anked f i r st  f or  47. 2 per cent  of  t he s i mul at i ons 

compar ed t o 16. 7 per cent  f or  t he next  hi ghest  management  

syst em;  Management  Syst em 2 r anked second f or  41. 7 per cent  

of  t he s i mul at i ons compar ed t o 16. 7 per cent  f or  t he next  

hi ghest  management  syst em;  Management  Syst em 1 r anked t hi r d 
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f or  41. 7 per cent  of  t he s i mul at i ons compar ed t o 13. 9 

per cent  f or  t he next  hi ghest  s i mul at i on.   On t he ot her  end 

of  t he r anki ngs,  Management  Syst em 3 r anked l ast  dur i ng 

41. 7 per cent  of  t he s i mul at i ons compar ed t o t he next  

hi ghest  l ast  pl ace r anki ng of  19. 4 per cent  ( Management  

Syst em 4) .    

 

Resul t s f r om t he 15 per cent  CSA wer e si mi l ar  t o t he 8 

per cent  CSA i n t hat  f or  most  r anks,  t her e was a di scr epancy 

bet ween t he most  f r equent l y r anked management  syst em and 

t he ot her  management  syst ems.   Ranki ng 1 had Management  

Syst em 6 as t he l owest  sedi ment  y i el d pr oduci ng management  

syst em dur i ng 44. 4 per cent  of  t he s i mul at i ons compar ed t o 

t he second most  f r equent  at  22. 2 per cent  of  t he 

s i mul at i ons.   At  t he ot her  end of  t he r anki ngs,  Management  

Syst em 3 was r anked l ast  dur i ng 41. 7 per cent  of  t he 

s i mul at i ons compar ed t o Management  Syst em 4 whi ch was 

r anked l ast  t he second most  f r equent ,  dur i ng 16. 7 per cent  

of  t he s i mul at i ons.    

 

The I FSAR 2. 5 met er  di gi t al  el evat i on model  pr oduced 

r anki ng f r equenci es wi t h l ar ge di f f er ences f or  each r ank 

bet ween t he most  f r equent l y r anked management  syst em and 
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t he second most  f r equent l y r anked management  syst em.   

Management  Syst em 6 was r anked f i r st  dur i ng 55. 6 per cent  of  

t he s i mul at i ons compar ed t o t he next  hi ghest  management  

syst em,  Management  Syst em 5,  whi ch was r anked f i r st  dur i ng 

16. 7 per cent  of  t he s i mul at i ons.   The cl osest  r anki ng 

f r equency was f or  management  syst ems r anked t hi r d wher e 

Management  Syst em 1 was r anked t hi r d dur i ng 38. 9 per cent  of  

t he s i mul at i ons compar ed t o Management  Syst em 3 whi ch was 

r anked t hi r d dur i ng 27. 8 per cent  of  t he s i mul at i ons.    

 

The ot her  f i ve di gi t al  el evat i on model s had smal l er  

di f f er ences i n f r equenci es compar ed t o t he I FSAR 2. 5 met er  

dat a.   Management  Syst em 6 was r anked f i r st  dur i ng 61. 1 

per cent  of  t he s i mul at i ons usi ng t he USGS 30 met er  DEM 

whi l e Management  Syst em 1 was r anked f i r st  dur i ng 22. 2 

per cent  of  t he s i mul at i ons.   However ,  f or  t he same DEM,  

Management  Syst ems 3 and 4 bot h r anked f our t h dur i ng 27. 8 

per cent  of  t he s i mul at i ons,  and Management  Syst em 3 and 5 

wer e t he most  f r equent  f i f t h r anked management  syst em,  

dur i ng 27. 9 per cent  of  t he s i mul at i ons.    

 

Management  syst em r anki ngs f or  s i mul at i ons usi ng t he 

Wal nut  Gul ch 10 met er  DEM wer e r el at i vel y i nconsi st ent .   
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For  each r ank,  di f f er ences bet ween t he most  f r equent  and 

second most  f r equent  management  syst em wer e 22. 2,  5. 6,  

11. 1,  22. 2,  11. 1,  and 0 r espect i vel y.   For  exampl e,  f or  t he 

s i xt h r anked posi t i on,  t he t wo most  f r equent  management  

syst ems,  Management  Syst em 4 and 5,  occur r ed dur i ng t he 

same per cent age of  s i mul at i ons,  33. 3 per cent .    

 

The SRTM 90 met er  DEM,  whi ch i s t he most  avai l abl e and 

has t he l ar gest  cel l  s i ze,  pr oduced t he l east  consi st ent  

r anki ngs of  t he DEMs used i n t hi s anal ysi s.   Four  of  t he 

s i x r anki ngs,  Ranki ngs 1,  2,  3,  and 5,  had t he same 

per cent age f or  t he t wo most  f r equent  management  syst ems,  

33. 3 per cent .   The di f f er ence bet ween t he t wo most  f r equent  

r anki ngs f or  t he s i xt h ( and l ast )  pl ace r anki ng was 8. 3 

per cent age poi nt s whi l e t he di f f er ence bet ween t he t op t wo 

f our t h r anked management  syst ems was 16. 7 per cent .   I t  

shoul d be poi nt ed out  t hat  t he number  of  s i mul at i ons usi ng 

t he SRTM 90 met er  dat a was t he l owest  compar ed t o t he ot her  

DEMs.   

 

Smal l er  pr eci pi t at i on event  s i zes pr oduce gr eat er  

di f f er ences bet ween management  syst em r anki ngs t han l ar ger  

pr eci pi t at i on event  s i zes.   Si mul at i ons usi ng t he t wo f i ve-
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year  pr eci pi t at i on event s ( Tabl e 6. 11)  pr oduced a 

management  syst em wi t h at  l east  17. 7 per cent  di f f er ence 

bet ween t he most  f r equent  and second most  f r equent  

management  syst em,  wi t h t he except i on of  t he f i f t h r anked 

posi t i on ( 2. 9 per cent  di f f er ence) .   The gr eat est  di f f er ence 

bet ween t he most  f r equent  and second most  f r equent  

management  syst em was f or  r ank 1 whi ch had a di f f er ence of  

73. 5 per cent .   The 10- year  and 100- year  pr eci pi t at i on event  

s i zes had smal l er  di f f er ences bet ween management  syst em 

r anki ng f r equenci es ( Tabl es 6. 12 and 6. 13) .   For  t he “ best ”  

management  syst em usi ng bot h t he 10- year  and 100- year  

pr eci pi t at i on event s,  t he di f f er ence bet ween t he most  

f r equent  and second most  f r equent  management  syst em was 3. 0 

per cent .   The aver age di f f er ence bet ween t he most  f r equent  

and second most  f r equent  management  syst em f or  each r ank 

was 3. 4 and 6. 9 per cent  f or  s i mul at i ons usi ng t he 10- year  

and 100- year  pr eci pi t at i on event s,  r espect i vel y.    
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Tabl e 6. 1  Fr equency of  management  syst em r anki ngs f or  al l  
s i mul at i ons wi t h 3 CSA val ues ( 1. 5,  8,  and 15%) ,  6 DEMs 
( I FSAR 2. 5M,  I FSAR 10M,  USGS 10M,  USGS 30M,  WG 10M,  and 
SRTM 90M) ,  and 6 r ai nf al l  event  s i zes ( 5- yr  30- mi n,  5- yr  
60- mi n,  10- yr  30- mi n,  10- yr  60- mi n,  100- yr  30- mi n,  and 100-
yr  60- mi n)  i n t abul ar  and gr aphi cal  f or mat .  
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Management  Syst em 1 14. 7 16. 7 31. 4 12. 7 15. 7 8. 8 102 

Management  Syst em 2 14. 7 30. 4 16. 7 16. 7 13. 7 7. 8 102 

Management  Syst em 3 2. 0 13. 7 11. 8 12. 7 24. 5 35. 3 102 

Management  Syst em 4 4. 9 12. 7 15. 7 32. 4 12. 7 21. 6 102 

Management  Syst em 5 13. 7 11. 8 9. 8 19. 6 27. 5 17. 6 102 

Management  Syst em 6 50. 0 14. 7 14. 7 5. 9 5. 9 8. 8 102 

Tot al  Si mul at i ons 102 102 102 102 102 102  
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Tabl e 6. 2  Fr equency of  management  syst em r anki ngs f or  
s i mul at i ons wi t h 1. 5% CSA usi ng 6 DEMs ( I FSAR 2. 5M,  I FSAR 
10M,  USGS 10M,  USGS 30M,  and WG 10M)  and 6 r ai nf al l  event  
s i zes ( 5- yr  30- mi n,  5- yr  60- mi n,  10- yr  30- mi n,  10- yr  60-
mi n,  100- yr  30- mi n,  and 100- yr  60- mi n)  i n t abul ar  and 
gr aphi cal  f or mat .  
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Management  Syst em 1 6. 7 26. 7 20. 0 16. 7 20. 0 10. 0 30 

Management  Syst em 2 20. 0 13. 3 20. 0 10. 0 23. 3 13. 3 30 

Management  Syst em 3 0. 0 16. 7 23. 3 16. 7 23. 3 20. 0 30 

Management  Syst em 4 3. 3 6. 7 20. 0 23. 3 16. 7 30. 0 30 

Management  Syst em 5 10. 0 13. 3 10. 0 30. 0 13. 3 23. 3 30 

Management  Syst em 6 60. 0 23. 3 6. 7 3. 3 3. 3 3. 3 30 

Tot al  Si mul at i ons 30 30 30 30 30 30  
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Tabl e 6. 3  Fr equency of  management  syst em r anki ngs f or  
s i mul at i ons wi t h 8% CSA usi ng 6 DEMs ( I FSAR 2. 5M,  I FSAR 
10M,  USGS 10M,  USGS 30M,  WG 10M,  and SRTM 90M)  and 6 
r ai nf al l  event  s i zes ( 5- yr  30- mi n,  5- yr  60- mi n,  10- yr  30-
mi n,  10- yr  60- mi n,  100- yr  30- mi n,  and 100- yr  60- mi n)  i n 
t abul ar  and gr aphi cal  f or mat .  
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Management  Syst em 1 13. 9 11. 1 41. 7 11. 1 13. 9 8. 3 36 

Management  Syst em 2 16. 7 41. 7 13. 9 16. 7 5. 6 5. 6 36 

Management  Syst em 3 2. 8 8. 3 8. 3 13. 9 25. 0 41. 7 36 

Management  Syst em 4 5. 6 16. 7 11. 1 33. 3 13. 9 19. 4 36 

Management  Syst em 5 13. 9 11. 1 13. 9 11. 1 33. 3 16. 7 36 

Management  Syst em 6 47. 2 11. 1 11. 1 13. 9 8. 3 8. 3 36 

Tot al  Si mul at i ons 36 36 36 36 36 36  
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Tabl e 6. 4  Fr equency of  management  syst em r anki ngs f or  
s i mul at i ons wi t h 15% CSA usi ng 6 DEMs ( I FSAR 2. 5M,  I FSAR 
10M,  USGS 10M,  USGS 30M,  WG 10M,  and SRTM 90M)  and 6 
r ai nf al l  event  s i zes ( 5- yr  30- mi n,  5- yr  60- mi n,  10- yr  30-
mi n,  10- yr  60- mi n,  100- yr  30- mi n,  and 100- yr  60- mi n)  i n 
t abul ar  and gr aphi cal  f or mat .  
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Management  Syst em 1 22. 2 13. 9 30. 6 11. 1 13. 9 8. 3 36 

Management  Syst em 2 8. 3 33. 3 16. 7 22. 2 13. 9 5. 6 36 

Management  Syst em 3 2. 8 16. 7 5. 6 8. 3 25. 0 41. 7 36 

Management  Syst em 4 5. 6 13. 9 16. 7 38. 9 8. 3 16. 7 36 

Management  Syst em 5 16. 7 11. 1 5. 6 19. 4 33. 3 13. 9 36 

Management  Syst em 6 44. 4 11. 1 25. 0 0. 0 5. 6 13. 9 36 

Tot al  Si mul at i ons 36 36 36 36 36 36  
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Tabl e 6. 5  Fr equency of  management  syst em r anki ngs f or  
s i mul at i ons wi t h I FSAR 2. 5M DEM usi ng 3 CSA val ues ( 1. 5,  8,  
and 15%)  and 6 r ai nf al l  event  s i zes ( 5- yr  30- mi n,  5- yr  60-
mi n,  10- yr  30- mi n,  10- yr  60- mi n,  100- yr  30- mi n,  and 100- yr  
60- mi n)  i n t abul ar  and gr aphi cal  f or mat .  
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Management  Syst em 1 5. 6 11. 1 38. 9 11. 1 16. 7 16. 7 18 

Management  Syst em 2 11. 1 50. 0 11. 1 5. 6 16. 7 5. 6 18 

Management  Syst em 3 0. 0 5. 6 27. 8 5. 6 11. 1 50. 0 18 

Management  Syst em 4 11. 1 16. 7 11. 1 44. 4 11. 1 5. 6 18 

Management  Syst em 5 16. 7 11. 1 0. 0 16. 7 38. 9 16. 7 18 

Management  Syst em 6 55. 6 5. 6 11. 1 16. 7 5. 6 5. 6 18 

Tot al  Si mul at i ons 18 18 18 18 18 18  
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Tabl e 6. 6  Fr equency of  management  syst em r anki ngs f or  
s i mul at i ons wi t h I FSAR 10M DEM usi ng 3 CSA val ues ( 1. 5,  8,  
and 15%)  and 6 r ai nf al l  event  s i zes ( 5- yr  30- mi n,  5- yr  60-
mi n,  10- yr  30- mi n,  10- yr  60- mi n,  100- yr  30- mi n,  and 100- yr  
60- mi n)  i n t abul ar  and gr aphi cal  f or mat .  
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Management  Syst em 1 22. 2 5. 6 44. 4 11. 1 11. 1 5. 6 18 

Management  Syst em 2 16. 7 16. 7 22. 2 5. 6 16. 7 22. 2 18 

Management  Syst em 3 0. 0 27. 8 11. 1 5. 6 11. 1 44. 4 18 

Management  Syst em 4 0. 0 11. 1 5. 6 33. 3 27. 8 22. 2 18 

Management  Syst em 5 22. 2 5. 6 5. 6 44. 4 22. 2 0. 0 18 

Management  Syst em 6 38. 9 33. 3 11. 1 0. 0 11. 1 5. 6 18 

Tot al  Si mul at i ons 18 18 18 18 18 18  
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Tabl e 6. 7  Fr equency of  management  syst em r anki ngs f or  
s i mul at i ons wi t h USGS 10M DEM usi ng 3 CSA val ues ( 1. 5,  8,  
and 15%)  and 6 r ai nf al l  event  s i zes ( 5- yr  30- mi n,  5- yr  60-
mi n,  10- yr  30- mi n,  10- yr  60- mi n,  100- yr  30- mi n,  and 100- yr  
60- mi n)  i n t abul ar  and gr aphi cal  f or mat .  
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Management  Syst em 1 11. 1 22. 2 22. 2 33. 3 5. 6 5. 6 18 

Management  Syst em 2 16. 7 33. 3 22. 2 11. 1 11. 1 5. 6 18 

Management  Syst em 3 0. 0 5. 6 16. 7 11. 1 27. 8 38. 9 18 

Management  Syst em 4 5. 6 16. 7 16. 7 27. 8 5. 6 27. 8 18 

Management  Syst em 5 0. 0 16. 7 11. 1 16. 7 38. 9 16. 7 18 

Management  Syst em 6 66. 7 5. 6 11. 1 0. 0 11. 1 5. 6 18 

Tot al  Si mul at i ons 18 18 18 18 18 18  
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Tabl e 6. 8  Fr equency of  management  syst em r anki ngs f or  
s i mul at i ons wi t h USGS 30M DEM usi ng 3 CSA val ues ( 1. 5,  8,  
and 15%)  and 6 r ai nf al l  event  s i zes ( 5- yr  30- mi n,  5- yr  60-
mi n,  10- yr  30- mi n,  10- yr  60- mi n,  100- yr  30- mi n,  and 100- yr  
60- mi n)  i n t abul ar  and gr aphi cal  f or mat .  
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Management  Syst em 1 22. 2 27. 8 22. 2 11. 1 5. 6 11. 1 18 

Management  Syst em 2 16. 7 22. 2 16. 7 11. 1 22. 2 11. 1 18 

Management  Syst em 3 0. 0 0. 0 0. 0 27. 8 27. 8 44. 4 18 

Management  Syst em 4 0. 0 16. 7 33. 3 27. 8 11. 1 11. 1 18 

Management  Syst em 5 0. 0 22. 2 16. 7 16. 7 27. 8 16. 7 18 

Management  Syst em 6 61. 1 11. 1 11. 1 5. 6 5. 6 5. 6 18 

Tot al  Si mul at i ons 18 18 18 18 18 18  
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Tabl e 6. 9  Fr equency of  management  syst em r anki ngs f or  
s i mul at i ons wi t h Wal nut  Gul ch 10M DEM usi ng 3 CSA val ues 
( 1. 5,  8,  and 15%)  and 6 r ai nf al l  event  s i zes ( 5- yr  30- mi n,  
5- yr  60- mi n,  10- yr  30- mi n,  10- yr  60- mi n,  100- yr  30- mi n,  and 
100- yr  60- mi n)  i n t abul ar  and gr aphi cal  f or mat .  
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Management  Syst em 1 11. 1 16. 7 27. 8 5. 6 27. 8 11. 1 18 

Management  Syst em 2 11. 1 27. 8 16. 7 38. 9 5. 6 0. 0 18 

Management  Syst em 3 11. 1 16. 7 5. 6 16. 7 38. 9 11. 1 18 

Management  Syst em 4 11. 1 11. 1 16. 7 16. 7 11. 1 33. 3 18 

Management  Syst em 5 16. 7 5. 6 16. 7 11. 1 16. 7 33. 3 18 

Management  Syst em 6 38. 9 22. 2 16. 7 11. 1 0. 0 11. 1 18 

Tot al  Si mul at i ons 18 18 18 18 18 18  

 
 

0. 0

5. 0

10. 0

15. 0

20. 0

25. 0

30. 0

35. 0

40. 0

45. 0

Ranki ng 1 Ranki ng 2 Ranki ng 3 Ranki ng 4 Ranki ng 5 Ranki ng 6

F
r

e
q

u
e

n
c

y
 

(
%

)

Management  Syst em 1 Management  Syst em 2 Management  Syst em 3

Management  Syst em 4 Management  Syst em 5 Management  Syst em 6
 



209 

 

Tabl e 6. 10  Fr equency of  management  syst em r anki ngs f or  
s i mul at i ons wi t h Shut t l e Radar  Topogr aphy Mi ssi on 90M DEM 
usi ng 3 CSA val ues ( 1. 5,  8,  and 15%)  and 6 r ai nf al l  event  
s i zes ( 5- yr  30- mi n,  5- yr  60- mi n,  10- yr  30- mi n,  10- yr  60-
mi n,  100- yr  30- mi n,  and 100- yr  60- mi n)  i n t abul ar  and 
gr aphi cal  f or mat .  
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Management  Syst em 1 16. 7 16. 7 33. 3 0. 0 33. 3 0. 0 12 

Management  Syst em 2 16. 7 33. 3 8. 3 33. 3 8. 3 0. 0 12 

Management  Syst em 3 0. 0 33. 3 8. 3 8. 3 33. 3 16. 7 12 

Management  Syst em 4 0. 0 0. 0 8. 3 50. 0 8. 3 33. 3 12 

Management  Syst em 5 33. 3 8. 3 8. 3 8. 3 16. 7 25. 0 12 

Management  Syst em 6 33. 3 8. 3 33. 3 0. 0 0. 0 25. 0 12 

Tot al  Si mul at i ons 12 12 12 12 12 12  
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Tabl e 6. 11  Fr equency of  management  syst em r anki ngs f or  
s i mul at i ons wi t h 5 year  r et ur n per i od r ai nf al l  event s usi ng 
3 CSA val ues ( 1. 5,  8,  and 15%) ,  6 DEMs ( I FSAR 2. 5M,  I FSAR 
10M,  USGS 10M,  USGS 30M,  WG 10M,  and SRTM 90M)  and 2 
r ai nf al l  dur at i ons ( 30- mi n and 60- mi n)  i n t abul ar  and 
gr aphi cal  f or mat .  
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Management  Syst em 1 11. 8 20. 6 44. 1 14. 7 5. 9 2. 9 34 

Management  Syst em 2 0. 0 52. 9 23. 5 17. 6 2. 9 2. 9 34 

Management  Syst em 3 2. 9 0. 0 5. 9 5. 9 38. 2 47. 1 34 

Management  Syst em 4 0. 0 2. 9 17. 6 44. 1 17. 6 17. 6 34 

Management  Syst em 5 0. 0 8. 8 8. 8 17. 6 35. 3 29. 4 34 

Management  Syst em 6 85. 3 14. 7 0. 0 0. 0 0. 0 0. 0 34 

Tot al  Si mul at i ons 34 34 34 34 34 34  
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Tabl e 6. 12  Fr equency of  management  syst em r anki ngs f or  
s i mul at i ons wi t h 10 year  r et ur n per i od r ai nf al l  event s 
usi ng 3 CSA val ues ( 1. 5,  8,  and 15%) ,  6 DEMs ( I FSAR 2. 5M,  
I FSAR 10M,  USGS 10M,  USGS 30M,  WG 10M,  and SRTM 90M)  and 2 
r ai nf al l  dur at i ons ( 30- mi n and 60- mi n)  i n t abul ar  and 
gr aphi cal  f or mat .  
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Tabl e 6. 13  Fr equency of  management  syst em r anki ngs f or  
s i mul at i ons wi t h 100 year  r et ur n per i od r ai nf al l  event s 
usi ng 3 CSA val ues ( 1. 5,  8,  and 15%) ,  6 DEMs ( I FSAR 2. 5M,  
I FSAR 10M,  USGS 10M,  USGS 30M,  WG 10M,  and SRTM 90M)  and 2 
r ai nf al l  dur at i ons ( 30- mi n and 60- mi n)  i n t abul ar  and 
gr aphi cal  f or mat .  
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6. 4.  Di scussi on 

 

The “ best ”  and “ wor st ”  management  syst em woul d i deal l y 

be det er mi ned by conduct i ng a wel l  desi gned st udy t hat  

moni t or s t he hydr ol ogi c i mpact  over  l ong t i me per i ods ( i . e.  

10 t o 50 year s) .   However ,  t hi s appr oach has a number  of  

pr obl ems.   Fi r st ,  management  deci s i ons ar e s i t e- speci f i c  

based on l ocal  i nf or mat i on such as soi l s,  t opogr aphy,  and 

veget at i on.   Ther ef or e,  t hi s t ype of  management  syst em 

eval uat i on woul d have t o be conduct ed at  each l ocat i on t o 

det er mi ne whi ch management  syst em i s “ best ” .   Moni t or i ng 

st udi es ar e expensi ve and i n many cases f unds ar e not  

avai l abl e.   I n addi t i on,  di f f er ent  management  syst ems woul d 

need t o be i mpl ement ed,  moni t or ed,  and r epl aced wi t h a 

al t er nat i ve management  syst em t o det er mi ne whi ch management  

syst em i s t he “ best ”  syst em f or  a gi ven l ocat i on.    

 

Because usi ng moni t or i ng dat a t o eval uat e di f f er ent  

management  syst ems i s i mpr act i cal  f r om a cost  and t i me 

st andpoi nt ,  management  deci s i ons model i ng ef f or t s ar e one 

opt i on t o det er mi ne t he “ best ”  syst em t o i mpl ement .   

However ,  usi ng hydr ol ogi c model s has pr obl ems r el at ed t o 

uncer t ai nt y i n i nput  dat a and physi cal  pr ocess 
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r epr esent at i on.   I nput  geogr aphi c dat a ar e avai l abl e at  

di f f er ent  r esol ut i ons and qual i t i es l eadi ng t o chal l enges 

i n sel ect i ng t he most  appr opr i at e dat a f or  a gi ven t ask.   

The hi ghest  r esol ut i on dat a ar e of t en per cei ved as t he 

“ best ”  whi ch mi ght  not  be t he best  dat a t o use f or  

wat er shed scal e model i ng.   As i l l ust r at ed by r esul t s i n 

t hi s chapt er ,  t he hi ghest  r esol ut i on and most  accur at e DEM 

was t he 2. 5 met er  I FSAR dat a.   Si mul at i on r esul t s usi ng t he 

“ most  accur at e”  DEM had t he hi ghest  sedi ment  y i el d val ues 

because of  t he hi gh sl ope val ues.   On t he cont r ar y,  

s i mul at i ons f or  Wat er shed 11 usi ng t he l owest  r esol ut i on 

and l east  accur at e DEM ( SRTM 90 DEM)  di d not  pr oduce 

sedi ment  y i el d r esul t s t hat  woul d al l ow a manager  t o 

di f f er ent i at e bet ween t he di f f er ent  management  syst ems.    

 

Just  as i mpor t ant  as sel ect i ng t he di gi t al  el evat i on 

model  t o use i n t he model i ng ef f or t  i s  t he sel ect i on of  t he 

cont r i but i ng sour ce ar ea and t he pr eci pi t at i on event  s i ze.   

Var yi ng t hese val ues had a gr eat er  i nf l uence i n 

di f f er ent i at i ng bet ween t he management  syst ems t han of  t he 

DEMs.   Al t hough t he smal l est  CSA val ue ( 1. 5 per cent )  

pr oduced i nconsi st ent  management  syst em r anki ngs,  t he t wo 

l ar ger  CSA val ues ( 8. 0 and 15. 0 per cent )  pr ovi ded 
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separ at i on of  sedi ment  y i el d val ues bet ween t he si x 

management  syst ems.   The r eason f or  t hi s ef f ect  of  CSA 

val ues r esul t s f r om t he i nt er act i on bet ween t he geomet r i c 

r epr esent at i on of  t he wat er shed and t he hydr ol ogi c 

pr ocesses r epr esent at i on i n t he model .    

 

Conf i gur at i ons wi t h smal l er  cont r i but i ng sour ce ar ea 

val ues have gr eat er  t ot al  channel  l engt hs.   Conver sel y,  

conf i gur at i ons wi t h l ar ger  cont r i but i ng sour ce ar ea val ues 

have smal l er  t ot al  channel  l engt h.   As a r esul t ,  

s i mul at i ons ar e l ess sensi t i ve t o changes on upl and 

char act er i st i cs f or  smal l er  CSA conf i gur at i ons because t he 

channel  pr ocesses mask ef f ect s r esul t i ng f r om changes i n 

upl and char act er i st i cs.   As t he CSA val ue i ncr eases,  t he 

upl and ef f ect s of  t he management  syst em becomes mor e 

i mpor t ant  and have a gr eat er  i nf l uence on sedi ment  y i el d 

est i mat es.    

 

The i nf l uence of  pr eci pi t at i on event  s i ze on est i mat ed 

sedi ment  y i el d r esul t s f r om si t e char act er i st i cs bei ng mor e 

i nf l uent i al  f or  smal l er  event  s i zes t han l ar ger  event  

s i zes.   For  smal l er  pr eci pi t at i on event s,  s i t e 

char act er i st i cs such as veget at i ve cover  and soi l  
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pr oper t i es have a gr eat er  i nf l uence on r unof f  gener at i ng 

mechani sms.   Conver sel y,  veget at i on and soi l  

char act er i st i cs have l i t t l e i nf l uence on r unof f  f or  l ar ger  

pr eci pi t at i on event s.   Ther ef or e,  di f f er ent  management  

syst ems exhi bi t  gr eat er  i nf l uences on sedi ment  y i el d f or  

smal l er  pr eci pi t at i on event s compar ed t o l ar ger  

pr eci pi t at i on event s.   

 

6. 5.  Summar y and Concl usi ons 

 

Ranki ngs f r om t he spat i al  deci s i on suppor t  syst em wer e 

compar ed usi ng combi nat i ons of  di f f er ent  conf i gur at i on and 

sour ce dat a f or  s i x management  syst ems.   Si mul at i ons wer e 

per f or med f or  Wat er shed 11 i n t he Wal nut  Gul ch Exper i ment al  

Wat er shed usi ng wat er shed conf i gur at i ons f r om si x di f f er ent  

di gi t al  el evat i on model s of  di f f er ent  r esol ut i ons and 

accur acy,  t hr ee di f f er ent  cont r i but i ng sour ce ar ea val ues,  

s i x di f f er ent  pr eci pi t at i on event  s i zes.   Management  

syst ems wer e r anked based on t he est i mat ed sedi ment  y i el d 

wher e management  syst ems yi el di ng t he l ower  sedi ment  y i el d 

val ues wer e consi der ed bet t er .    
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The sel ect i on of  di gi t al  el evat i on model ,  cont r i but i ng 

sour ce ar ea,  and pr eci pi t at i on event  s i ze wi l l  i mpact  t he 

r anki ngs by t he spat i al  deci s i on suppor t  syst em.   Of  t he 

t hr ee CSA val ues ( 1. 5,  8. 0,  and 15 per cent ) ,  t he 1. 5 

per cent  CSA pr oduced t he l east  consi st ent  management  syst em 

r anki ngs whi l e t he 8 per cent  CSA val ue pr oduced t he most  

consi st ent  r anki ngs.   The smal l er ,  mor e f r equent  r ai nf al l  

event  ( 5- year  r et ur n per i od)  had mor e consi st ent  management  

syst em r anki ngs whi l e t he l ar ger ,  l ess f r equent  r ai nf al l  

event  ( 100- year  r et ur n per i od)  pr oduced l ess consi st ent  

management  syst em r aki ngs.   Of  t he s i x di gi t al  el evat i on 

model s,  t he hi ghest  r esol ut i on DEM ( 2. 5 met er  I FSAR)  had 

t he most  consi st ent  management  syst em r anki ngs whi l e t he 

l owest  r esol ut i on DEM ( 90 met er  SRTM)  had t he l east  

consi st ent  management  syst em r anki ngs.   

 

Exami ni ng r anki ng f r equenci es acr oss t he DEMs 

i l l ust r at ed a f ew r el at i onshi ps of  not e.   The I FSAR 2. 5 

met er  and USGS 10 met er  DEMs had management  syst em r anki ng 

f r equenci es t hat  wer e t he most  s i mi l ar  even t hough t hese 

DEMs wer e cr eat ed usi ng di f f er ent  met hods.   Thi s i ndi cat es 

t hat  t he sel ect i on of  DEM f or  use i n t he spat i al  deci s i on 

suppor t  syst em shoul d not  be based on der i vat i on met hod as 
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DEMs der i ved usi ng t he same met hods had di f f er ent  r anki ngs.   

For  exampl e,  r anki ng f r equenci es f or  s i mul at i ons usi ng t he 

I FSAR 10 met er  DEM,  whi ch i s der i ved f r om t he I FSAR 2. 5 

met er  DEM,  wer e t he same as t he I FSAR 2. 5 met er  DEM i n onl y 

t hr ee of  t he s i x posi t i ons ( f i r st ,  t hi r d,  and l ast ) .   

However ,  al l  of  t he DEMs had Management  Syst em 6 r anked as 

pr oduci ng t he l owest  sedi ment  y i el d t he most  f r equent l y.    

 

Si mul at i ons usi ng t he 8 per cent  CSA wi t h t he 10- year  

60- mi nut e st or m event  mi ni mi zed t he i nf l uence of  t he DEM on 

management  syst em r anki ngs;  f or  t hi s conf i gur at i on,  t he DEM 

sel ect i on had t he smal l est  i mpact  on changi ng management  

r anki ngs.   For  t hese si mul at i ons,  f our  of  t he s i x DEMs 

pr oduced t he same r anki ngs whi l e t he r emai ni ng t wo DEMs 

pr oduced i dent i cal  r anki ngs.   Di gi t al  el evat i on model  

sel ect i on had t he gr eat est  i nf l uence on si mul at i ons usi ng 

t he 0. 5 per cent  CSA val ue,  as none of  t he or der  of  

management  syst em r anki ngs f or  a DEM wer e t he same.    
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CHAPTER 7 

SUMMARY AND CONCLUSI ONS 

 

 

 

7. 1.  I nt r oduct i on 

 

I nf or mat i on t echnol ogy has dr ast i cal l y changed 

wat er shed management  i n t he past  f ew decades.   Advances i n 

t echnol ogi es such as t he I nt er net ,  geogr aphi c i nf or mat i on 

syst ems,  r emot e sensi ng,  and spat i al  dat abases have 

i mpr oved t he manner  i n whi ch we communi cat e and exchange 

i nf or mat i on,  col l ect ,  pr ocess and vi sual i ze spat i al  dat a,  

and r epr esent  and st or e i nf or mat i on.   I nf or mat i on 

t echnol ogy al l ows wat er shed manager s t o be much mor e 

ef f i c i ent ,  f or  exampl e pr ocedur es such as hydr ol ogi c model  

par amet er i zat i ons can be conduct ed i n mi nut es,  whi ch coul d 

t ake weeks when conduct ed manual l y.    

 

Whi l e i nf or mat i on t echnol ogy has pr of oundl y i mpact ed 

wat er shed management ,  oppor t uni t i es cont i nue as t echnol ogy 

and envi r onment al  deci s i on- maki ng changes.   As management  
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deci s i ons t end t owar ds a bot t om- up appr oach,  whi ch i nvol ves 

st akehol der s t hr ough t he deci s i on pr ocess,  i nf or mat i on 

t echnol ogy can assi st  communi cat i on and educat i on of  t hose 

i nvol ved.   The I nt er net  pr ovi des an ef f i c i ent  medi um f or  

t r ansf er  and shar i ng of  i nf or mat i on among deci s i on maker s.   

The avai l abi l i t y  and access t o dat a al l ows l ocal  

st akehol der s t o use cur r ent  i nf or mat i on and per f or m 

anal yses and educat e t hemsel ves r egar di ng compl exi t i es of  

t he i ssues.   Mor eover ,  empower i ng l ocal  st akehol der s 

r esul t s i n bi - di r ect i onal  communi cat i on and i ncr eases 

chances f or  consensus among st akehol der s.    

 

The success of  bot t om- up deci s i on- maki ng r el i es on 

educat i ng st akehol der s about  t he pr obl ems and t he pr ocesses 

causi ng t he pr obl ems.   Pr ovi di ng access t o deci s i on suppor t  

syst ems of f er s t he oppor t uni t y t o i nt egr at e t he soci al -

economi c and bi ophysi cal  pr ocesses i nt o a f r amewor k 

accessi bl e t o l ocal  st akehol der s.   Deci s i on suppor t  syst ems 

i nt egr at e s i mul at i on model s descr i bi ng t he physi cal  

pr ocesses,  geogr aphi c i nf or mat i on syst ems capt ur i ng t he 

spat i al  nat ur e of  t he i nf or mat i on,  and t he I nt er net  

pr ovi di ng access t o i nf or mat i on t o t hose i nvol ved and when 

combi ned wi t h ot her  t echnol ogi es,  of f er  pot ent i al  t o 
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conver t  dat a t o i nf or mat i on t o knowl edge.   Thi s dat a-

i nf or mat i on- knowl edge conver si on pr ovi des t he oppor t uni t y 

t o of f er  deci s i on- maker s wi t h dat a i n appr opr i at e f or mat s,  

a need i dent i f i ed by t he Nat i onal  Resear ch Counci l  ( 1999) .    

 

7. 2.  Maj or  Cont r i but i ons 

 

The r esear ch conduct ed l ed t o t he desi gn and 

i mpl ement at i on of  a pr ot ot ype I nt er net - based spat i al  

deci s i on suppor t  syst em ( SDSS)  f or  r angel and wat er shed 

management .   The I nt er net - based SDSS pr ovi des cor e 

f unct i onal i t y r equi r ed f or  r angel and wat er shed management  

educat i on and deci s i on- maki ng.   User s have t he capabi l i t y  

t o dynami cal l y del i neat e wat er sheds by c l i ck i ng on a map t o 

l ocat e a wat er shed out l et .   Usi ng t hi s boundar y,  user s can 

per f or m si mul at i ons usi ng hydr ol ogi c model s wi t h par amet er  

set s der i ved f r om soi l s and l and cover  GI S dat a l ayer s and 

spat i al l y  v i sual i ze r esul t s.   The appl i cat i on pr ovi des a 

“ t hi cker ”  c l i ent  t o del i neat e r angel and management  syst ems 

whi ch consi st  of  past ur e boundar i es,  wat er  poi nt s,  and 

sedi ment  det ent i on st r uct ur es.   Each management  pr act i ce 

cont ai ns user - def i ned at t r i but es t hat  ar e i ncor por at ed i nt o 

t he model i ng pr ocess.   Hydr ol ogi c s i mul at i ons ar e per f or med 
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on user  del i neat ed management  syst ems and r esul t s ar e 

pr esent ed i n a spat i al ,  gr aphi cal ,  and t abul ar  f or mat .   

User s can cr eat e “ what  i f ”  scenar i os such as l ocat i ng wat er  

sour ces at  di f f er ent  l ocat i ons wi t hi n a past ur e or  change 

t he l ocat i on of  past ur e boundar i es and compar e t he r unof f  

and sedi ment  y i el d of  di f f er ent  scenar i os.    

 

The i mpor t ant  cont r i but i ons of  t hi s r esear ch t o t he 

l i t er at ur e on deci s i on suppor t  syst ems ar e:  

§ Anal ysi s and document at i on of  t he r equi r ement s f or  a 

spat i al  deci s i on suppor t  syst em f or  r angel and 

wat er shed management .  

§ I mpl ement at i on of  t he spat i al  deci s i on suppor t  

syst em pr ovi di ng a f ul l y  i nt er act i ve GI S over  t he 

I nt er net .    

§ Eval uat i on of  er r or  i n r eadi l y avai l abl e di gi t al  

el evat i on model s.  

§ Det er mi nat i on of  t he sensi t i v i t y of  di gi t al  

el evat i on model s,  cont r i but i ng sour ce ar ea val ues,  

and pr eci pi t at i on event  s i zes on management  syst ems 

r anki ngs by t he spat i al  deci s i on suppor t  syst em.  
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7. 3.  Maj or  Concl usi ons 

 

Resul t s f r om t hi s st udy yi el ded sever al  concl usi ons 

r el evant  t o t he f i el d of  wat er shed hydr ol ogy and 

management .   The maj or  concl usi ons i ncl ude:   

 

§ Recent  advances i n i nf or mat i on t echnol ogy can be 

ef f ect i vel y ut i l i zed i n wat er shed deci s i on suppor t  

t echnol ogy.   Spat i al  deci s i on suppor t  syst ems can 

l ever age I T advances such as Web ser vi ces,  obj ect  

or i ent ed desi gn met hods,  and t he I nt er net  t o pr oduce 

t he next  gener at i on of  wat er shed appl i cat i ons.   

Appl i cat i ons usi ng Web ser vi ces pr omot e component  

r euse and shar i ng acr oss oper at i ng syst ems and 

pr ogr ammi ng l anguages.   Fur t her mor e,  when Web ser vi ces 

ar e combi ned wi t h t he I nt er net ,  t hi s t echnol ogy 

pr omot es shar i ng of  r esear ch and devel opment  acr oss 

or gani zat i ons.   Depl oyi ng wat er shed appl i cat i ons v i a 

t he I nt er net  i ncr eases access t o under r epr esent ed 

st akehol der s.   The I nt er net  pr ovi des a means t o l i nk 

di ver se st akehol der s whi l e s i mpl i f y i ng appl i cat i on 

management  and updat es.   And f i nal l y,  obj ect  or i ent ed 
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pr i nci pl es ar e wel l  sui t ed f or  t he compl exi t i es 

r el at ed t o di f f er ent  hydr ol ogi c model s and ont ol ogi c 

r epr esent at i ons f or  wat er sheds.   I nher i t ance and 

pol ymor phi sm al l ow mul t i pl e model s t o be i ncl uded i n 

t he spat i al  deci s i on suppor t  syst em wi t h l i t t l e 

ef f or t .    

 

§ I n compar i ng di gi t al  el evat i on dat a of  di f f er ent  

sour ces and r esol ut i ons wi t h sur vey dat a,  t he di gi t al  

dat a appr oxi mat ed sur f aces wel l ,  wi t h t he hi gher  

r esol ut i on dat a pr oduci ng l ower  r oot  mean squar e er r or  

val ues.   The DEMs r epr esent ed t he hi l l y  r egi on of  t he 

Wal nut  Gul ch Exper i ment al  Wat er shed bet t er  t han t he 

hi ghl y di ssect ed r egi on of  t he wat er shed.   For  t he 

hi ghl y di ssect ed ar ea,  t he l ower  r esol ut i on DEMs had 

di f f i cul t y capt ur i ng t ops of  r i dges and bot t oms of  

head- cut s.    Because hi ghl y di ssect ed r egi ons ar e 

i mpor t ant  sedi ment  pr oduci ng ar eas,  usi ng t he l ower  

r esol ut i on DEMs i ncl uded i n t hi s anal ysi s woul d i gnor e 

er osi on pr ocesses i n t hese ar eas whi ch may i mpact  

t ot al  sedi ment  pr edi ct ed f r om hydr ol ogi c s i mul at i ons.   

The USGS 10 met er  DEM,  whi ch i s hi ghest  r esol ut i on,  
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most  wi del y avai l abl e di gi t al  el evat i on model ,  di d not  

capt ur e t hese sedi ment  pr oduci ng ar eas on Wal nut  

Gul ch.   As expect ed,  t he 90- met er  Shut t l e Radar  

Topogr aphy Mi ssi on dat a di d not  capt ur e smal l  

wat er shed f eat ur es.   The smal l  wat er sheds del i neat ed 

wi t h t he 30- met er  r esol ut i on di gi t al  dat a compar ed 

r easonabl y wel l  wi t h di gi t i zed wat er shed boundar i es.   

However ,  t he hi gher  r esol ut i on di gi t al  dat a ( 2. 5 and 

10 met er  dat a)  cr eat ed wat er shed boundar i es t hat  most  

c l osel y mat ched di gi t i zed dat a.   

 

§ Di f f er ent  di gi t al  el evat i on model s,  cont r i but i ng 

sour ce ar ea val ues,  and pr eci pi t at i on event  s i zes 

pr oduced di f f er ent  management  syst em r anki ngs.   

Di f f er ences i n t he f r equenci es of  management  syst em 

r anki ngs wer e gr eat er  f or  t he smal l er  pr eci pi t at i on 

event  s i zes and mi ddl e and l ar ger  cont r i but i ng sour ce 

ar ea val ues compar ed t o t he di f f er ent  DEMs.   Thi s 

gr eat er  di f f er ence i n f r equenci es of  management  syst em 

r anki ngs i ndi cat es a management  syst em was 

consi st ent l y r anked i n a cer t ai n posi t i on ( i . e.  

f our t h)  dur i ng a gr eat er  por t i on of  t he s i mul at i ons.   



226 

 

The sel ect i on of  di gi t al  el evat i on model s pr oduced 

l ess concl usi ve or  l ower  di f f er ences bet ween 

management  syst em r anki ngs compar ed t o cont r i but i ng 

sour ce ar ea val ues and pr eci pi t at i on event  s i zes.   

Smal l er  cont r i but i ng sour ce ar ea val ues al so pr oduced 

i ncl usi ve f r equenci es of  management  syst em r anki ngs.   

The DEM t hat  had t he l owest  r esol ut i on of  t he s i x DEMs 

i n t he st udy pr oduced i nconcl usi ve r esul t s f or  

management  syst em r anki ngs.   Unf or t unat el y,  t hi s DEM,  

t he SRTM 90 met er  DEM,  i s avai l abl e f or  Nor t h Amer i ca 

whi ch decr eases t he conf i dence i n r esul t s f r om usi ng 

t hese dat a i n spat i al  deci s i on suppor t  syst em 

si mul at i ons.     

 

7. 4.  Recommendat i ons f or  Fut ur e Resear ch 

 

Pr ovi di ng access t o appl i cat i ons such as t he spat i al  

deci s i on suppor t  syst em opens door s t o f ut ur e r esear ch t o 

eval uat e of  t he r ol e of  t echnol ogy i n bot t om- up deci s i on-

maki ng f or  wat er shed management .   Once appl i cat i ons ar e 

made avai l abl e t o t he publ i c,  t hi s t ype of  appl i cat i on can 

be moni t or ed t o det er mi ne and eval uat e user s’  pr ef er ences 

about  how t hese t ypes of  syst ems can be i mpl ement ed.   The 
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SDSS i s desi gned t o be si mul at i on model  i ndependent ,  

al l owi ng new si mul at i on model s t o be i ncl uded,  however  

di f f er ent  model s have di f f er ent  assumpt i ons and wer e 

devel oped f or  di f f er ent  pur poses.   Resear ch on devel opi ng 

heur i st i cs f or  const r ai ni ng t he appl i cat i on of  t hese model s 

i n bot h a spat i al / t empor al  cont ext  and f or  speci f i c  

envi r onment al  pr obl ems shoul d al so be conduct ed.    

 

I n advanci ng t echnol ogy f or  t r ansf er r i ng i nf or mat i on 

f r om sci ent i st s t o deci s i on- maker s,  wat er shed manager s and 

sci ent i st s need t o be mor e pr oact i ve i n def i ni ng what  i s 

needed speci f i cal l y f r om i nf or mat i on t echnol ogy t o assi st  

t he wat er shed deci s i on- maki ng pr ocess.   Advanci ng I nt er net  

GI S t hr ough maki ng t he t r ansf er  of  dat a mor e ef f i c i ent  

al l ows spat i al  i nf or mat i on t o be i nt egr at ed i n appl i cat i ons 

suppl i ed t o deci s i on- maker s.   Si mul at i on model i ng can be 

i mpr oved t hr ough t wo met hods:  i mpr ovi ng t he under st andi ng 

of  t he pr ocesses and i mpr ovi ng t he r epr esent at i on of  t he 

pr oper t i es.   The l at t er  can be addr essed t hr ough spat i al  

dat abase r esear ch devel opi ng “ smar t ”  dat a t ypes whi ch embed 

t he char act er i st i cs of  t he dat a i n i t s r epr esent at i on.   

Ot her  met hods f or  expl or i ng spat i al  r el at i onshi ps such as 

spat i al  dat a mi ni ng pr ovi de oppor t uni t i es t o exami ne dat a 
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usi ng t echni ques yet  t o be expl or ed i n wat er shed 

management .   For  exampl e,  pr el i mi nar y r esear ch has been 

done t o di st r i but e soi l  t ext ur e based on a soi l s posi t i on 

on a hi l l s l ope,  but  t hese t ypes of  r el at i onshi ps have not  

been st udi ed ext ensi vel y i n di f f er ent  hydr ol ogi c r egi ons.   

And f i nal l y,  i nt egr at i ng i ndi v i dual  appl i cat i ons i nt o 

deci s i on suppor t  syst ems pr ovi des addi t i onal  i nf or mat i on 

f or  deci s i on maker s.  

 

7. 4. 1.  I nt er net  GI S 

 

As t he t echnol ogy f or  t r ansf er r i ng spat i al  dat a v i a 

t he I nt er net  advances,  I nt er net - based appl i cat i ons wi l l  be 

r i cher  and f unct i onal i t y wi l l  i ncr ease.   Cur r ent l y,  most  

I nt er net  GI S appl i cat i ons use i mages t o t r ansf er  spat i al  

dat a;  a spat i al  ser ver  conver t s t he ar ea sel ect ed by t he 

user  f r om r ast er  and/ or  vect or  t o an i mage such as a j peg 

and t he dat a ar e t r ansf er r ed.   Tr ansf er r i ng dat a i n i t s 

or i gi nal  f or mat  i s i nef f i c i ent  and ot her  f or mat s have been 

exami ned.   Sci ent i st s ar e r esear chi ng t hi s i ssue and 

cer t ai n ar chi t ect ur es have been pr oposed f or  mor e ef f i c i ent  

spat i al  dat a t r ansf er .   For  exampl e,  Wei  et  al .  ( 1999)  

devel oped a c l i ent - s i de appl i cat i on usi ng a t i l e- di v i s i on 
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met hod whi ch r equi r es new r equest s t o onl y t r ansf er  dat a on 

t i l es not  pr esent  on t he cl i ent .   Si nce t he onl y t wo ways 

t o i mpr ove per f or mance i n Web- based GI S ar e t o i ncr ease t he 

speed of  t he I nt er net  or  i ncr ease t he ef f i c i ency of  t he 

pr ogr ams ( Peng,  1997) ,  r esear ch shoul d f ocus on i ncr easi ng 

t he ef f i c i ency of  t he pr ogr ams.  

 

7. 4. 2.  Spat i al  Dat abases 

 

Resear ch on Spat i al  Dat abase Management  Syst ems i s 

pr i mar i l y f ocused on devel opi ng a spat i al  t axonomy,  spat i al  

dat a model s,  spat i al  quer y l anguages and pr ocessi ng 

st r at egi es,  spat i al  access met hods ( Shekhar  et  al . ,  1999) ,  

and spat i al  dat a mi ni ng and has been out  of  t he r eal m of  

wat er shed management .   However ,  wat er shed sci ent i st s shoul d 

act i vel y par t i c i pat e i n r esear ch f or  spat i al  dat a model s 

and spat i al  dat a mi ni ng.  

 

7. 4. 3.  Spat i al  Dat a Model s 

 

Spat i al  dat a model s ar e dat a st r uct ur es t hat  r epr esent  

and st or e f eat ur es and behavi or s of  i nt er est .   Cur r ent l y,  

t her e ar e t wo common t ypes of  geogr aphi c space model s:  
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ent i t y- based ( or  obj ect  based)  and f i el d- based ( or  cel l  

based) .   The ent i t y- based model  descr i bes geogr aphi c space 

as di scr et e spat i al l y  r ef er enced obj ect s,  t ypi cal l y a 

poi nt ,  l i ne,  or  pol ygon.   The f i el d- based model s r epr esent  

geogr aphi c space as a t essel l at i on of  r egul ar  or  i r r egul ar  

shaped cel l s.   I n most  common GI Ss,  f i el d- based dat a model s 

ar e r egul ar ,  r ect angul ar  shaped cel l s f or  comput at i onal  

s i mpl i c i t y.    

 

Dat a model s speci f i cal l y devel oped f or  hydr ol ogy and 

wat er shed management  can i mpr ove t he r epr esent at i on i n t he 

next  gener at i on of  s i mul at i on model s.   A dat a model  

devel oped by Dr .  Davi d Mai dment  at  t he Uni ver si t y of  Texas,  

Aust i n descr i bes an ent i t y- based st r uct ur e f or  wat er  

r esour ces ( see Mai dment ,  2002) .   Thi s appr oach al l ows 

nat ur al  f eat ur es f ound on t he l andscape t o be descr i bed i n 

t he dat abase and addr esses t he pr i mar y f eat ur es 

r epr esent i ng t he l andscape,  how wat er  moves bet ween 

f eat ur es,  and what  ar e t he t i me pat t er ns associ at ed wi t h 

each f eat ur e ( Mai dment ,   2002) .   Ut i l i z i ng a wat er shed-

speci f i c  dat a model  wi l l  ease t he connect i on bet ween 

si mul at i on model s and dat a st or age r esul t i ng i n a t i ght er  

i nt egr at i on.    
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Advances i n f i el d- based dat a model s coul d make quad-

t r ee dat a st r uct ur es oper abl e i n wat er shed management .   

Quad- t r ee dat a st r uct ur es pr ovi de t he benef i t s of  

r epr esent i ng l andscape f eat ur es at  var i abl e scal es over  an 

ar ea.   For  exampl e,  when model i ng t he ef f ect s of  r i par i an 

veget at i on over  a wat er shed usi ng cur r ent  r egul ar  shaped 

cel l s,  most  of  t he val ues wi l l  be zer o or  nul l  r esul t i ng i n 

l ar ge amount s of  wast ed space.   However ,  wi t h quad- t r ee 

dat a st r uct ur es,  t he cel l  s i ze can change so t hat  smal l er  

cel l s adj acent  t o t he st r eam can capt ur e t he var i abi l i t y  

needed t o r epr esent  r i par i an pr oper t i es.  

 

7. 4. 4.  Knowl edge Di scover y/ Spat i al  Dat a Mi ni ng 

 

The quant i t y of  spat i al  dat a i s i ncr easi ng r api dl y as 

new sat el l i t es ar e l aunched and agenci es cont i nue t o cr eat e 

dat a;  however ,  conver t i ng t hi s dat a i nt o i nf or mat i on i s a 

ver y chal l engi ng t ask.   Knowl edge Di scover y i s t he pr ocess 

of  conver t i ng dat a t o knowl edge and i s of t en per cei ved 

al ong a dat a- i nf or mat i on- knowl edge cont i nuum.   One st ep i n 

t he Knowl edge Di scover y pr ocess i s dat a mi ni ng,  whi ch i s 

t he pr ocess of  devel opi ng al gor i t hms t o ext r act  new 

pat t er ns f r om dat a cont ai ned i n dat abases ( But t enf i el d et  
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al . ,  2000) .   Dat a mi ni ng model s of t en ut i l i ze st at i st i cs,  

neur al  net wor ks,  and symbol i c l ear ni ng comput at i onal  

appr oaches,  al ong wi t h evol ut i onar y al gor i t hms,  f uzzy set s 

and f uzzy l ogi c ( Chen,  2001) .   Spat i al  dat a mi ni ng i s t he 

pr ocess of  exami ni ng spat i al  dat abases l ooki ng f or  i mpl i c i t  

usef ul  i nf or mat i on ( Chawl a et  al . ,  2000) .  I n addi t i on t o 

t r adi t i onal  dat a mi ni ng,  spat i al  dat a mi ni ng pr ovi des 

addi t i onal  chal l enges due t o di f f i cul t i es i n spat i al  

r epr esent at i on and t he spat i al  aut ocor r el at i on i nher ent  i n 

spat i al  phenomena.   I n wat er shed management ,  appl i cat i ons 

of  spat i al  dat a mi ni ng have been l i mi t ed,  yet  t he 

possi bi l i t i es f or  i nt egr at i ng t he spat i al  dat a mi ni ng 

pr ocess i n wat er shed anal yses exi st .  

 

7. 4. 5.  Eval uat i on and Ver i f i cat i on of  Spat i al  Deci s i on 

Suppor t  Syst ems 

 

Whi l e i t  i s  r ecogni zed t hat  er r or s exi st  i n dat a,  

t hei r  ef f ect s on deci s i ons ar e l ess c l ear l y under st ood.   

For  exampl e,  t he sensi t i v i t y of  management  deci s i ons f r om 

spat i al  deci s i on suppor t  syst ems wi l l  var y dependi ng on t he 

r esol ut i on and er r or s i nher ent  i n t he under l y i ng dat a set s.   

However ,  t he i mpact  of  t he out put  management  syst em needs 
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t o be st udi ed i n gr eat er  det ai l .   Resear ch i n t hi s ar ea 

wi l l  pr ovi de i nf or mat i on on t he qual i t y of  dat a r equi r ed 

f or  deci s i on suppor t  syst ems and t he need ( or  l ack of  need)  

f or  i mpr oved i nf or mat i on.    

 

Once Spat i al  Deci s i on Suppor t  Syst ems ar e assembl ed,  

ver i f y i ng s i mul at i on r esul t s i s compl ex due t o t he l ack of  

dat a and t he t i me- scal e r equi r ed f or  nat ur al  syst ems t o 

r espond t o management  al t er at i ons.   Si nce one r eason f or  

t he l ow adopt i on r at es of  deci s i on suppor t  syst em i s l ack 

of  f i el d val i dat i on ( Newman et  al . ,  2000) ,  t he devel opment  

of  deci s i on suppor t  syst ems must  i ncl ude at t empt s t o ver i f y 

s i mul at i on r esul t s;  however  ver i f y i ng t hese syst ems i s a 

compl ex and di f f i cul t  t ask.   One appr oach i s t o ver i f y t he 

i ndi v i dual  component s of  t he syst em i ndependent l y,  but  t hi s 

appr oach negl ect s t he i nt er act i on and f eedback among 

pr ocesses.   Ver i f y i ng t he ent i r e syst em r equi r es l ong- t er m 

dat a r ecor ds and an under st andi ng of  t he i nt er act i ons 

bet ween i nvol ved pr ocesses.    
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7. 4. 6.  Def i ni ng XML St andar ds 

 

Ext ensi bl e Mar kup Language ( XML)  pr ovi des t he 

capabi l i t y  of  i nt egr at i ng di f f er ent  i ncompat i bl e 

t echnol ogi es t hr ough t he use of  a st r uct ur ed,  open f i l e 

f or mat .   Def i ni ng an XML st andar d schema al l ows di f f er ent  

appl i cat i ons t o shar e i nf or mat i on.   For  exampl e,  a deci s i on 

suppor t  syst em communi cat i ng wi t h wat er shed- scal e 

hydr ol ogi c s i mul at i on model s t hr ough XML al l ows t he syst em 

t o ut i l i ze di f f er ent  s i mul at i on model s.   And si nce 

di f f er ent  s i mul at i on model s ar e appl i cabl e t o di f f er ent  

envi r onment s,  t he appr opr i at e model s coul d be used.   A 

st andar d schema al so al l ows appl i cat i ons t o be di st r i but ed,  

communi cat i ng t hr ough t he net wor k.  

 

7. 4. 7.  Speci al i zat i on t hr ough Web Ser vi ces 

 
I nt er net  t echnol ogy has pr ovi ded a means f or  

communi cat i on bet ween agenci es wi t h di f f er ent  exper t i se 

r egar di ng nat ur al  r esour ces management .   However ,  due t o 

var i ous const r ai nt s,  communi cat i on and ut i l i zat i on of  t hi s 

exper t i se i s l i mi t ed.   One of  t he ar eas yet  t o be expl or ed 

i n wat er shed management  i s t he use of  Web ser vi ces t o 
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i nt egr at e agency exper t i se i n t he deci s i on- maki ng pr ocess.   

Web ser vi ces ar e a new br eed of  web appl i cat i ons t hat  can 

be accessed f r om ot her  appl i cat i ons or  by ot her  Web 

ser vi ces and pr ovi de t hei r  own i mpl ement at i on of  

appl i cat i on l ogi c host ed at  var i ous l ocat i ons.   For  

wat er shed management ,  t he di f f er ent  component s of  a spat i al  

deci s i on suppor t  syst em coul d be i mpl ement ed usi ng Web 

ser vi ces.   The hypot het i cal  ar chi t ect ur e i nvol ves f eder al ,  

st at e,  and l ocal  st akehol der s al l  cont r i but i ng t hei r  

exper t i se t o t he deci s i on pr ocess.   An agency such as t he 

US For est  Ser vi ce mi ght  have a Web ser vi ce t hat  det er mi nes 

t he l ocat i ons of  l oggi ng r oads or  f or est  management  pl ans 

based on avai l abl e dat a.   The US Fi sh and Wi l dl i f e ser vi ce 

mi ght  have a Web ser vi ce t hat  pr ovi des i nf or mat i on about  

Thr eat ened and Endanger ed speci es f or  t he same ar ea.   Thi s 

t echnol ogy,  whi l e st i l l  i n i t s i nf ancy,  has t he capabi l i t y  

t o i nt egr at e st akehol der  concer ns and pot ent i al l y  

st r eaml i ne t he deci s i on- maki ng pr ocess.  
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Appendi x A:  Def i ni t i on of  Ter mi nol ogy 
 

Abst r act  c l ass – A cl ass t hat  cannot  be i nst ant i at ed.   An 
abst r act  c l ass i s used wher e t he i mpl ement at i on of  
met hods i s common t o al l  subcl asses but  ot her  met hods 
must  cont ai n t he i mpl ement at i on.   

Appl et  – an appl et  i s  a pr ogr am wr i t t en usi ng t he Java 
pr ogr ammi ng l anguage t hat  can be i ncl uded i n an HTML 
page,  much i n t he same way an i mage i s i ncl uded.  ( Fr om 
ht t p: / / j ava. sun. com/ appl et s/ ) .  

Concr et e c l ass – An i nst ant i abl e c l ass t hat  cont ai ns t he 
i mpl ement at i on det ai l s.  

Ent er pr i se JavaBean – A ser ver - s i de component  ar chi t ect ur e 
avai l abl e t hr ough t he Java 2 Ent er pr i se Edi t i on 
envi r onment .  

Ext ensi bl e – capabl e of  bei ng ext ended wi t h new or  
addi t i onal  f unct i onal i t y.  

eXt ensi bl e Mar kup Language ( XML)  – A t ext  based document  
st r uct ur e t hat  i dent i f i es t he cont ent  of  t ext  by usi ng 
a t ag- based hi er ar chy.    

I nher i t ance – Abi l i t y  of  a sub- cl ass t o ut i l i ze 
f unct i onal i t y of  a super  c l ass,  i . e.  a subcl ass 
i nher i t s t he super  c l ass 

Cl ass I nt er f ace – A def i ni t i on of  t he f unct i onal i t y 
pr ovi ded by a c l ass.   A c l ass i nt er f ace does not  
cont ai n det ai l s on how t he f unct i onal i t y i s 
i mpl ement ed,  onl y det ai l s on what  t he c l ass can do.  

I nt er oper abl e -  i nt er oper abi l i t y  i s  t he abi l i t y  of  syst ems 
or  sof t war e component s of  a syst em t o oper at e 
r eci pr ocal l y over comi ng bar r i er s i mposed by 
het er ogeneous pr ocessi ng envi r onment s and 
het er ogeneous dat a ( Buehl er  and Mckee,  1998)  

Obj ect - or i ent ed Pr ogr ammi ng – a st r uct ur e of  pr ogr ammi ng 
based on obj ect s t hat  r epr esent  r eal  wor l d i t ems.     
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Pol ymor phi sm – The i nvocat i on of  t he appr opr i at e obj ect  
met hod dependi ng on wher e t he obj ect  i s  i n t he 
i nher i t ance hi er ar chy ( Hor st mann and Cor nel l ,  1999)  

Web Ser vi ces  – Component s t hat  communi cat e usi ng t ext  ( XML)  
based messages.   Thi s Web ser vi ces ar chi t ect ur e 
el i mi nat es pr ogr ammi ng l anguage,  oper at i ng syst em,  
dat abase management  syst em,  and har dwar e dependenci es.    
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Appendi x B:  SDSS Scr een Capt ur es 
 

 
 
Fi gur e B. 1.   The SDSS pr ovi des user s wi t h basi c GI S 
f unct i onal i t y.   User s can move l ayer s up/ down,  t ur n l ayer s 
of f / on,  and zoom i n/ out .    
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Fi gur e B. 2.   User s can del i neat e wat er shed boundar i es by 
l ocat i ng t he wat er shed out l et  by “ c l i ck i ng”  on a map 
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Fi gur e B. 3.   Resul t s f r om t he si mul at i ons can be di spl ayed 
spat i al l y  on t he map.   User s have t he opt i on t o v i ew r unof f  
or  sedi ment  y i el d dat a.  
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Fi gur e B. 4.   The user  cr eat es a management  syst em by 
sel ect i ng t he management  syst em and dr awi ng on t he map.    
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Fi gur e B. 5.   The user  can assi gn at t r i but es t o t he 
management  syst em.   For  user  del i neat ed past ur es,  user s 
ent er  t he name of  t he past ur e,  st ocki ng r at e,  f or age 
demand,  condi t i on,  and use of  cr i t i cal  ar ea pl ant i ng.  
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Fi gur e B. 6.   Si mul at i ons ar e per f or med f or  user  def i ned 
management  syst ems.    
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Appendi x C:  KI NEROS2 Over vi ew 
 
 

The model  used i n t hi s r esear ch i s KI NEROS,  ver si on 2,  
whi ch i s a di st r i but ed,  event - or i ent ed,  physi cal l y based 
model  t hat  uses t he ki nemat i c wave equat i on t o r out e bot h 
r unof f  and sedi ment  f r om smal l  agr i cul t ur al  semi - ar i d or  
ur ban wat er sheds.   KI NEROS2 r epr esent s a wat er shed t hr ough 
a conf i gur at i on of  a cascade of  pl anes and si mul at es t he 
hydr ol ogi c and hydr aul i c pr oper t i es of  event - based 
r ai nf al l ,  i nt er cept i on,  i nf i l t r at i on,  Hor t i oni an over l and 
f l ow,  channel  r out i ng,  and er osi on and sedi ment  t r anspor t .   
The channel  el ement s ar e capabl e of  havi ng t wo l at er al  
el ement s and ei t her  a channel  or  an upl and el ement  
cont r i but i ng t o t he channel  i ni t i at i on.   A br i ef  
descr i pt i on of  t he hydr ol ogi c pr ocesses si mul at ed by 
KI NEROS2 i s pr esent ed i n bel ow and addi t i onal  i nf or mat i on 
can be at t ai ned f r om t he KI NEROS2 manual  ( Wool hi ser  et  al . ,  
1990) .  
 
Interception 

 
I nt er cept i on i s t he r ai nf al l  r et ai ned on t he 

veget at i on sur f ace and i s subt r act ed f r om t he t ot al  
r ai nf al l  avai l abl e f or  i nf i l t r at i on.   The i nt er cept i on 
quant i t y i n KI NEROS2 i s cont r ol l ed by t wo i nput  par amet er s:  
t he i nt er cept i on dept h and t he por t i on of  t he l andscape 
cover ed by veget at i on capabl e of  i nt er cept i ng 
pr eci pi t at i on.   The t ot al  r ai nf al l  i s  r educed by t he 
avai l abl e i nt er cept i on st or age unt i l  t he t ot al  r ai nf al l  
exceeds t he st or age capaci t y.  
 
Infiltration 

 
The i nf i l t r at i on r out i ne i n KI NEROS2 al l ows f or  t he 

char act er i zat i on and si mul at i on of  up t o t wo soi l s l ayer s 
and cont ai ns mul t i pl e par amet er s t hat  cont r ol  t he 
i nf i l t r at i on r at e.   The i nf i l t r at i on capaci t y dur i ng a 
pr eci pi t at i on event  i s a f unct i on of  t he t ot al  i nf i l t r at ed 
dept h and t he i nf i l t r at i on pr oper t i es ar e descr i bed by t he 
ef f ect i ve f i el d sat ur at ed hydr aul i c conduct i v i t y,  t he 
i nt egr al  capi l l ar y dr i ve,  and t he por osi t y ( Wool hi ser  et  
al . ,  1990) .   A spat i al  di st r i but i on par amet er  al so 
r epr esent s t he nat ur al  var i abi l i t y  t hat  occur s i n t he 
hydr aul i c par amet er .   The i nf i l t r at i on capaci t y i s a 



246 

 

modi f i cat i on of  t he Gr een- Ampt  equat i on t hat  measur es t he 
i nf i l t r abi l i t y  as a f unct i on of  i nf i l t r at i on dept h.   
KI NEROS2 al so cont ai ns met hods f or  cal cul at i ng i nf i l t r at i on 
under  mor e compl ex c i r cumst ances,  such as f or  soi l s wi t h a 
r est r i ct i ve upper  or  l ower  l ayer ,  r edi st r i but i ng soi l  
moi st ur e dur i ng a r ai nf al l  hi at us and under  ver y wet  
i ni t i al  condi t i ons.    
 
Hortonian Overland Flow 

 
Pondi ng on t he soi l  sur f ace can occur  when ei t her  t he 

r ai nf al l  i nt ensi t y exceeds t he i nf i l t r at i on r at e or  t he 
soi l  becomes sat ur at ed due t o an ext ensi ve r ai n event  or  an 
i mper vi ous l ayer  under l y i ng t he soi l  sur f ace.   KI NEROS2 
si mul at es over l and f l ow usi ng a one- di mensi onal  equat i on 
wi t h a power  r el at i onshi p t hat  r el at es wat er  f l ux t o t he 
uni t  ar ea st or age.   Thi s power  r el at i onshi p i s combi ned 
wi t h t he cont i nui t y equat i on t o f or mul at e k i nemat i c wave 
equat i ons whi ch ar e an appr oxi mat i on of  t he de Sai nt  Venant  
par t i al  di f f er ent i al  equat i ons.   The ki nemat i c wave 
appr oxi mat i on does not  s i mul at e wave at t enuat i on but  have 
been f ound t o be an excel l ent  appr oxi mat i on f or  most  
over l and f l ow condi t i ons ( Wool hi ser  and Li gget t ,  1967;  
Mor r i s and Wool hi ser ,  1980) .   The ki nemat i c wave equat i ons 
ar e sol ved usi ng a f our - poi nt  i mpl i c i t  met hod and a 
sol ut i on i s obt ai ned wi t h a Newt on- Raphson numer i cal  
met hod.   The r esi st ance of  f l ow pr ovi ded by t he sur f ace can 
be appr oxi mat ed usi ng a Manni ng’ s r oughness coef f i c i ent ,  n,  
or  a Chezy f r i ct i on coef f i c i ent ,  C.  
 
Channel Routing 

 
Unst eady,  open channel  f l ow i s al so s i mul at ed usi ng 

t he ki nemat i c wave appr oxi mat i ons of  t he de Sai nt  Venant  
par t i al  di f f er ent i al  equat i ons.   Usi ng t hese assumpt i ons,  
t he cont i nui t y equat i ons ar e r e- wr i t t en so t hat  di schar ge 
i s a f unct i on of  cr oss- sect i onal  channel  ar ea.   The 
ki nemat i c equat i ons ar e al so sol ved usi ng a f our  poi nt  
i mpl i c i t  t echni que si mi l ar  t o t he sol ut i on f or  t he over l and 
f l ow component  except  t hat  t he dept h of  f l ow i s subst i t ut ed 
wi t h t he cr oss- sect i onal  ar ea.   Wat er  i nf i l t r at ed i nt o t he 
channel ,  al so r ef er r ed t o as t r ansmi ssi on l osses,  can be 
si mul at ed i n KI NEROS2 usi ng t he same set  of  equat i ons used 
t o s i mul at e i nf i l t r at i on i n t he upl and sur f ace.    
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Erosion and Deposition 
 
KI NEROS2 si mul at es er osi on pr ocesses by est i mat i ng 

er osi on caused by r ai ndr op i mpact  and ent r ai nment  by 
over l and f l ow.   Er osi on r esul t i ng f r om r ai ndr op i mpact  i s 
appr oxi mat ed as t he squar e of  t he r ai nf al l  i nt ensi t y and i s 
r educed wi t h i ncr easi ng dept h of  wat er .   Er osi on caused by 
ent r ai nment  of  f l ow i s assumed l i near l y dependent  on t he 
di f f er ence bet ween t he t r anspor t  capaci t y and t he cur r ent  
sedi ment  concent r at i on wher e t r anspor t  capaci t y i s 
cal cul at ed usi ng a uni t  st r eam power  appr oach.   Rai n spl ash 
er osi on and t r anspor t  capaci t y cal cul at i ons ar e per f or med 
f or  each t i me st ep and f or  up t o f i ve soi l  par t i c l e s i zes 
and i s sol ved appl y i ng a f our  poi nt  f i ni t e di f f er ence 
scheme.   Channel  er osi on and sedi ment  t r anspor t  i s  
est i mat ed usi ng t he same appr oach except  t hat  er osi on 
caused by r ai ndr op i mpact  i s i gnor ed.    
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Appendi x D:  SDSS Dat a Di ct i onar y 
 
 

DESI GNSTORM 
St or es t he desi gn st or m event s used i n t he s i mul at i ons.   
Thi s t abl e i s t he par ent  t abl e f or  t he desi gnst or mval ue 
t abl e 
At t r i but e Name Descr i pt i on 
STORMI D Uni que number  i dent i f y i ng t he st or m 

event  
RETURNPERI OD_YR The r et ur n per i od of  t he st or m event  

i n year s 
DURATI ON The dur at i on of  t he st or m event  i n 

mi nut es 
 

DESI GNSTORMVALUE 
St or es val ues f or  a desi gn st or m 
At t r i but e Name Descr i pt i on 
STORMVALI D Uni que number  i dent i f y i ng t he st or m 

val ue 
TI ME_MI N The t i me t he val ue was 

measur ed/ der i ved af t er  t he begi nni ng 
of  t he st or m 

I NTENSI TY The i nt ensi t y val ue i n mm/ hr  f or  t he 
st or m event  

DESI GNSTORMI D The desi gn st or m associ at ed wi t h t hi s 
t upl e  

 
ELEMENT_OUTPUT 

Si mul at i on model  out put  f or  a s i ngl e el ement  
At t r i but e Name Descr i pt i on 
SI MI D Uni que number  i dent i f y i ng t he el ement  

out put  val ue 
ELEMENTI D The el ement  out put  i d cor r espondi ng 

wi t h t hi s r ecor d 
TYPE The t ype of  el ement  ( i . e.  pl ane,  

channel ,  et c. )  
PARAMCODE A code def i ni ng t he out put  par amet er  

val ue 
PARAMNAME The common name f or  t he par amet er  

name 
VALUE Val ue of  t he out put  
UNI TS t he uni t s of  t he out put  
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LANDCOVERLAYERS 
The l and cover  dat a l ayer s st or ed i n t he dat abase  
At t r i but e Name Descr i pt i on 
LANDCOVLAYERI D Uni que number  i dent i f y i ng t he l and 

cover  l ayer  
NAME The name of  t he l and cover  dat a l ayer  
SDENAME The f ul l  Ar cSDE name of  t he l and 

cover  dat a l ayer  
DESCRI PTI ON A descr i pt i on of  t he l andcover  dat a 

l ayer  
NUMVEGCLASSES Number  of  veget at i on c l asses i n t he 

dat a l ayer  
 

LANDCOVPARAMETERS 
Model i ng par amet er s t hat  ar e der i ved f r om l and cover  GI S 
dat a l ayer s  
At t r i but e Name Descr i pt i on 
LCPARAMI D Uni que number  i dent i f y i ng t he l and 

cover  par amet er  
SUBWATERSHEDI D Subwat er shed number  t hat  t hi s 

par amet er  i s associ at ed 
PARAMETERNAME Model  speci f i c  l and cover  par amet er  

name par amet er  name ( i . e.  man,  i nt ,  
et c)  

VALUE Val ue of  t he par amet er  
UNI TS Uni t s of  t he par amet er  
LCPARAMETERSETI D Par amet er  set  t hat  t hi s par amet er  

val ue bel ongs t o 
 

LANDCOVPARAMSETS 
Land cover  par amet er  set  f or  a t opogr aphi c par amet er i zat i on 
At t r i but e Name Descr i pt i on 
LCPARAMSETI D Uni que number  i dent i f y i ng t he 

par amet er  set  
MODELI D Si mul at i on model  i dent i f i er  t hat  t hi s 

par amet er i zat i on was per f or med f or  
LCLAYERI D Land cover  GI S l ayer  i d used t o 

der i ve t he model  par amet er s 
DESCRI PTI ON Descr i pt i on of  t he par amet er  set  
TOPOPARAMSETI D Topogr aphi c par amet er  set  i d f or  

whi ch t he model  par amet er i zat i on was 
per f or med 

LANDCOVLUTI D Land cover  l ook up t abl e i d used t o 
gener at e t he model  par amet er s 
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LANDCOV_LUT 
Look- up t abl e t hat  r el at es l and cover  veget at i on c l asses t o 
model  speci f i c  par amet er s 
At t r i but e Name Descr i pt i on 
LCLUTI D Uni que i dent i f i er  f or  t he veg 

cl ass/ model  par amet er  
CLASS Name of  t he veget at i on c l ass i n t he 

GI S gr i d or  cover age 
PARAMNAME Si mul at i on model  par amet er  name t hat  

associ at ed wi t h t he veg cl ass 
VALUE Si mul at i on model  par amet er  val ue 
UNI TS Uni t s of  t he par amet er  val ue 
LCDESCI D Look- up t abl e descr i pt i on i dent i f i er  
 
 

LANDCOV_LUTDESC 
Descr i pt i on of  t he l and cover  l ookup t abl e 
At t r i but e Name Descr i pt i on 
LCDESCI D Uni que i dent i f i er  f or  t he l andcover  

l ookup t abl e  
NAME Name of  t he l ookup t abl e 
MODELI D Si mul at i on model  i d t hat  t he l ookup 

t abl e was cr eat ed 
DESCRI PTI ON Descr i pt i on of  t he l ookup t abl e 
 
 

MANAGEMENT_SYSTEMS 
Cont ai ns t he management  syst ems cr eat ed by user s 
At t r i but e Name Descr i pt i on 
SYSTEMI D Uni que i dent i f i er  i dent i f y i ng t he 

management  syst em 
NAME User  def i ned name of  t he management  

syst em  
USERI D User  i d who cr eat ed t he management  

syst em 
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MGMTSOI LSPARAMETERS 
Cont ai ns t he soi l  par amet er s t hat  wer e adj ust ed based on 
management  act i v i t y 
At t r i but e Name Descr i pt i on 
MGMTSOI LSPARAMI D Uni que i dent i f i er  f or  t he management  

syst em 
SUBWATERSHEDI D Subwat er shed i d t hat  has s i mul at i on 

model  par amet er s modi f i ed 
PARAMETERNAME Si mul at i on model  par amet er  name t hat  

was modi f i ed 
VALUE New val ue of  t he model  par amet er  
UNI TS Uni t s of  t he par amet er  val ue 
MGMTSYSTEMI D Management  syst em t hi s r ecor d i s 

associ at ed wi t h 
 
 

PASSWORD 
St or es user  passwor ds f or  t he sdss 
At t r i but e Name Descr i pt i on 
USERI D Uni que i dent i f i er  f or  t he sdss user  
PASSWORD Passwor d of  t he sdss user  
 
 

MGMT_TOPOPO_PARAMSET 
Topogr aphi c par amet er  set s t hat  have management  syst ems 
cr eat ed 
At t r i but e Name Descr i pt i on 
MGMTTOPOPARAMSETI D Uni que i dent i f i er  f or  t he management  

t opogr aphi c par amet er  set  
TOPOPARAMSETI D Topogr aphi c par amet er  set  t he 

management  syst em was par amet er i zed 
NAME Name of  t he management  t opogr aphi c 

par amet er  set  
SYSTEMI D Management  syst em used i n t he 

t opogr aphi c par amet er i zat i on 
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PASTURE 
St or es i nf or mat i on on user  del i neat ed past ur es 
At t r i but e Name Descr i pt i on 
BMPI D Uni que i dent i f i er  f or  t he past ur e 
SYSTEMI D Management  syst em t he past ur e i s 

associ at ed wi t h 
NAME Name of  t he past ur e 
CONDI TI ON Ecol ogi cal  condi t i on of  t he past ur e 
STOCKI NG_RATE St ocki ng r at e of  t he past ur e 
CRI TI CALPLANT Pr esence of  cr i t i cal  ar ea pl ant i ng 
FORAGE_DEMAND For age demand f or  l i vest ock i n t he 

past ur e 
SHAPE Past ur e pol ygon 
 
 

SEDBASI N 
St or es i nf or mat i on on user  del i neat ed sedi ment  det ent i on 
basi ns 
At t r i but e Name Descr i pt i on 
BMPI D Uni que i dent i f i er  f or  t he sedi ment  

det ent i on basi n 
SYSTEMI D Management  syst em t he sedi ment  

det ent i on basi n i s associ at ed wi t h 
NAME Name of  t he sedi ment  det ent i on basi n 
DESCRI PTI ON Descr i pt i on of  t he sedi ment  det ent i on 

basi n 
SHAPE Sedi ment  det ent i on basi n poi nt  
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SI MULATI ONS 
St or es i nf or mat i on on user ’ s s i mul at i ons per f or med by t he 
SDSS 
At t r i but e Name Descr i pt i on 
SI MI D Uni que i dent i f i er  of  t he s i mul at i on 
MODELI D Model  i dent i f i er  t hat  per f or med t he 

si mul at i on 
TOPOPARAMSETI D Topogr aphi c par amet er  set  used t o 

cr eat e s i mul at i on model  par amet er  
set s 

SOI LSPARAMSETI D Soi l  par amet er  set  used t o cr eat e 
s i mul at i on model  par amet er  set s 

LCPARAMSETI D Land cover  par amet er  set  used t o 
cr eat e s i mul at i on model  par amet er  
set s 

NAME User  def i ned name of  t he s i mul at i on 
DESCRI PTI ON User  def i ned descr i pt i on of  t he 

s i mul at i on 
 
 

SI MULATI ON_MODEL 
St or es i nf or mat i on on si mul at i on model s avai l abl e t o use i n 
t he spat i al  deci s i on suppor t  syst em 
At t r i but e Name Descr i pt i on 
MODELI D Uni que i dent i f i er  f or  t he s i mul at i on 

model  
NAME Name of  t he s i mul at i on model  
VERSI ON Ver si on of  t he s i mul at i on model  
 
 

SOI LSLAYERS 
St or es soi l  l ayer s avai l abl e t o per f or m model  
par amet er i zat i on 
At t r i but e Name Descr i pt i on 
SOI LSLAYERI D Uni que i dent i f i er  f or  t he soi l s l ayer  
NAME Name of  t he soi l s l ayer  
SDENAME Ar cSDE name of  t he soi l s l ayer  
DESCRI PTI ON Descr i pt i on of  t he soi l s l ayer  
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SOI LSPARAMETERS 
St or es t he soi l s par amet er s used i n per f or mi ng model  
s i mul at i ons 
At t r i but e Name Descr i pt i on 
SOI LSPARAMI D Uni que i dent i f i er  f or  t he soi l s 

par amet er  
SUBWATERSHEDI D Subwat er shed number  t hat  t hi s 

par amet er  i s associ at ed 
PARAMETERNAME Model  speci f i c  soi l  par amet er  name 

par amet er  name ( i . e.  ks,  pct  sand,  
et c)  

VALUE Val ue of  t he par amet er  
UNI TS Uni t s of  t he par amet er  
SOI LSPARMETERSETI D Par amet er  set  t hat  t hi s par amet er  

val ue bel ongs 
 

SOI LSPARAMSETS 
Soi l s par amet er  set  f or  a t opogr aphi c par amet er i zat i on 
At t r i but e Name Descr i pt i on 
SOI LSPARMSETI D Uni que number  i dent i f y i ng t he 

par amet er  set  
MODELI D Si mul at i on model  i dent i f i er  t hat  t hi s 

par amet er i zat i on was per f or med 
SOI LSLAYERI D Soi l s GI S l ayer  i d used t o der i ve t he 

model  par amet er s 
DESCRI PTI ON Descr i pt i on of  t he par amet er  set  
TOPOPARAMSETI D Topogr aphi c par amet er  set  i d f or  

whi ch t he model  par amet er i zat i on was 
per f or med 

SOI LSLUTI D Soi l s l ook up t abl e i d used t o 
gener at e t he model  par amet er s 
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SOI LS_LUT 
St or es t he soi l s speci f i c  model  par amet er  val ues based on 
soi l  t ext ur e 
At t r i but e Name Descr i pt i on 
SOI LSLUTI D I dent i f i er  f or  t he soi l s l ook up 

t abl e r ecor d 
TEXTURE Soi l  t ext ur e par amet er  used i n soi l s 

l ayer  
PARAMNAME Model  speci f i c  par amet er  val ue name 
VALUE Val ue of  t he model  par amet er  
UNI TS Uni t s of  t he par amet er  
SOI LSDESCI D Soi l s descr i pt i on associ at ed wi t h 

t hi s r ecor d  
 

SOI LS_LUTDESC 
St or es gener al  i nf or mat i on about  soi l  der i ved model  
par amet er  val ues 
At t r i but e Name Descr i pt i on 
SOI LSDESCI D I dent i f i er  f or  t he soi l s l ook up 

t abl e descr i pt i on r ecor d 
NAME User  def i ned name of  t he l ook up 

t abl e 
MODELI D Si mul at i on model  associ at ed wi t h l ook 

up t abl e 
DESCRI PTI ON User  def i ned descr i pt i on of  t he l ook 

up t abl e 
 
 

STREAM 
St or es dat a about  t he st r eam net wor ks 
At t r i but e Name Descr i pt i on 
TOPOPARAMSETI D Topogr aphi c par amet er  set  f or  whi ch 

t he st r eam was cr eat ed 
STREAMNUM The st r eam number   
STREAM_GEOM St r eam geomet r y l i ne 
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STREAMPARAMETERS 
St or es model i ng par amet er s f or  t he st r eam channel s 
At t r i but e Name Descr i pt i on 
STREAMPARAMI D Uni que i dent i f i er  f or  t he st r eam 

channel  par amet er  
STREAMNUMBER St r eam channel  number  
PARAMETERNAME Model  par amet er  name  
VALUE Model  par amet er  val ues 
UNI TS Uni t s of  t he model  par amet er  val ue 
TOPOPARAMSETI D Topogr aphi c par amet er  set  f or  whi ch 

t he st r eam was cr eat ed 
 
 

SUBWATERSHEDS 
St or es dat a on t he sub wat er shed cr eat ed f or  model  
s i mul at i ons 
At t r i but e Name Descr i pt i on 
TOPOPARAMSETI D Topogr aphi c par amet er  set  f or  whi ch 

t he st r eam was cr eat ed 
SUBWATERSHEDI D Subwat er shed number  
GEOMETRY Subwat er shed geomet r y pol ygon 
AREA Ar ea of  t he subwat er shed 
 
 

SUMMARY_OUTPUT 
St or es s i mul at i on model  out put  summar i es 
At t r i but e Name Descr i pt i on 
SI MI D Si mul at i on out put  r ecor d i s 

associ at ed 
PARAMCODE Model  par amet er  code f or  t he out put  
PARAMNAME Model  par amet er  name f or  t he out put  
VALUE Val ue of  t he out put  
UNI TS Uni t  of  t he model  out put  
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TOPOGRAPHYLAYERS 
St or es an i ndex of  t he t opogr aphy l ayer s ( i . e. ,  DEMs)  
avai l abl e t o be used i n t he SDSS 
At t r i but e Name Descr i pt i on 
DEMI D Uni que i dent i f i er  f or  t he t opogr aphy 

l ayer  
NAME Topogr aphy l ayer  name 
SDENAME  Topogr aphy l ayer  name as used by ESRI  

Ar cSDE 
RESOLUTI ON Resol ut i on of  t he DEM 
DESCRI PTI ON Descr i pt i on of  t he DEM 
FLOW_DI R_SDENAME Ar cSDE name of  t he f l ow di r ect i on 

l ayer  
FLOW_ACCUM_SDENAME Ar cSDE name of  t he f l ow accumul at i on 

l ayer  
 

TOPOPARAMETER 
St or es t he t opogr aphi c par amet er s used i n model  s i mul at i on 
At t r i but e Name Descr i pt i on 
TOPOPARAMI D Uni que i dent i f i er  f or  t he t opogr aphi c 

par amet er  
PARAMNAME Model  speci f i c  par amet er  name 
VALUE Val ue of  t he model  par amet er  
UNI TS Uni t s of  t he model  par amet er  
TOPOPARAMSETI D Topogr aphi c par amet er  set  t hi s r ecor d 

i s associ at ed 
SUBWSHEDI D Subwat er shed t hi s t opogr aphi c 

par amet er  i s associ at ed wi t h 
 

TOPOPARAMSET 
St or es gener al  i nf or mat i on about  t he t opogr aphi c par amet er  
set  
At t r i but e Name Descr i pt i on 
TOPOPARAMSETI D Uni que i dent i f i er  f or  t he t opogr aphy 

par amet er  set  
CSA Cont r i but i ng sour ce ar ea val ue used 

i n t he wat er shed del i neat i on 
DEMI D Topogr aphy l ayer  i dent i f i er  used i n 

t he wat er shed del i neat i on 
MODELI D Si mul at i on model  t he t opogr aphi c 

par amet er  set  was cr eat ed 
WATERSHEDI D Subwat er shed cont ai ni ng t he 

t opogr aphi c par amet er  set  
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USERS 
St or es i nf or mat i on about  user s of  t he spat i al  deci s i on 
suppor t  syst em 
At t r i but e Name Descr i pt i on 
USERI D Uni que i dent i f i er  of  t he sdss user  
EMAI L El ect r oni c mai l i ng addr ess of  t he 

user  
FI RSTNAME Fi st  name of  t he sdss user  
LASTNAME Last  name of  t he sdss user  
STADDRESS1 St r eet  addr ess of  t he sdss user  ( par t  

1)  
STADDRESS2 St r eet  addr ess of  t he sdss user  ( par t  

2)  
CI TY Ci t y of  t he sdss user ’ s addr ess 
STATE St at e of  t he sdss user ’ s addr ess 
ZI P Zi p code of  t he sdss user ’ s addr ess 
COUNTRY Count r y of  t he sdss user ’ s addr ess 
PHONE Phone number  of  t he sdss user  
 
 

WATERPOI NT 
St or es t he wat er  poi nt  best  management  pr act i ce 
At t r i but e Name Descr i pt i on 
BMPI D Uni que i dent i f i er  f or  t he wat er  poi nt  
SYSTEMI D Management  syst em t he wat er  poi nt  i s  

associ at ed wi t h 
NAME Name of  t he wat er  poi nt  
DESCRI PTI ON Descr i pt i on of  t he wat er  poi nt  
SHAPE Wat er  poi nt  poi nt  
 
 

WATERSHED_BOUNDARY 
St or e user ’ s wat er shed boundar i es cr eat ed t hr ough t he sdss 
At t r i but e Name Descr i pt i on 
WATERSHEDI D Uni que i dent i f i er  f or  t he wat er shed 

boundar y 
USERI D Owner  of  t he wat er shed boundar y 
NAME User  speci f i ed name of  t he wat er shed 

boundar y 
DESCRI PTI ON Descr i pt i on of  t he wat er shed boundar y 
SHAPE Wat er shed boundar y pol ygon  
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Appendi x E:  SDSS Sequence Di agr ams 
 
 
 
 

create(request)

WSDelineationServlet DelineateWatershedEJB WSBoundaryWSSequence

getBoundaryNum():String

UserEJB

getUserinfo():UserEJB

CreateBoundary(boundaryNum:String,
outletX:Double, outletY:
Double,username: String,
boundaryName: String,
boundaryDesc: String):String

MapManager

addBoundary(map:Map, boundaryNum:String)

delineateBoundary
(WatershedRequest)

 
 
Fi gur e E. 1 Del i neat e Wat er shed Boundar y Use Case 
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TopoParameterizationEJBParameterizeModelsServlet ModelParameterizationEJB UserEJB

create(request)

getUserinfo():UserEJB

DelineateWatershed(boundaryNum:String,
username:String):result:String

parameterizeTopography
(TopoParamRequest)

 
 
Fi gur e E. 2  Topogr aphi c Par amet er i zat i on Use Case 
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Parameterization
ModelServlet

ModelParamWS

processSoils(soilsLayerID:String, topoParamSetId:String,
username:String, modelid String, description: String,
soilslutid As String):String

ModelParameterizationEJB User

getUsername():String

parameterizeSoils
(SoilsRequest)

 
 
Fi gur e E. 3  Soi l  Par amet er i zat i on Use Case 
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Parameterization
ModelServlet

ModelParamWSModelParameterizationEJB

parameterizeLC
(LandCovRequest)

User

processLandCover(topoParamSetId:String,
landCoverLayerId:String, description:String,
username:String, modelid:String, landCovLutID:String

getUsername():String

 
 
Fi gur e E. 4 Land Cover  Par amet er i zat i on Use Case 
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PerformSimulationServlet SimulationControllerEJB

create(request)

UserModelFactory

create(simId, soilsParamsetId, landcovParamsetId,
simControlParams):ModelFactory

SequenceGeneratorEJB

getSimId():String

addSimulatiion(Simulation)

Simulation

    performSimulation(
        soilsParamsetId,
        landcovParamsetId,
        simName,
        simDesc,
        simControlParams,
        user): Simulation

getSimModelInput():SimModelInput

getControlFile():ModelControlFile

getSimModel():SimModel

SimModel.performSimulation(simId,
       controlFile, ModelInput):ModelOutput

ModelOutput.loadDataIntoDatabase()

create(simid, simName, desc, sedYieldValue, totalRunoff,
totalRainfall):Simulation

updateMap()

getResutsMapInfo():MapInfo

 
 
Fi gur e E. 5 Per f or m Hydr ol ogi c Si mul at i on Use Case 
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LoadDataServlet PerformSimulationEJB

create(request)

ModelFactory

create(simId, soilsParamsetId, landcovParamsetId,
simControlParams):ModelFactory

SequenceGeneratorEJB

getNewMgmtSystemId():String

Simulation

    processMgmt(
        mapMetaData,
        mgmtPractices,
        map,
        user,
        ): Simulation

getSimModelInput():SimModelInput

getControlFile():ModelControlFile

getSimModel():SimModel

SimModel.performSimulation(simId,
       controlFile, ModelInput):ModelOutput

ModelOutput.loadDataIntoDatabase()

create(simid, simName, desc, sedYieldValue, totalRunoff,
totalRainfall):Simulation

ProcessMgmtEJB

  simulateMgmt(
    soilsParamsetId,
    landcovParamsetId,
    simName,
    simDesc,
    mgmtSysId,
    pptReturnPer,
    pptDuration,
  ): Simulation

 
 
Fi gur e E. 6 Per f or m Management  Si mul at i on Use Case 
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Appendi x F:  SDSS Met hodol ogy f or   
Si mul at i ng Range Management  Pr act i ces 

 
 
A management  syst em speci f i ed by t he user  can consi st  of  
any combi nat i on of  management  pr act i ces i ncl udi ng sedi ment  
det ent i on st r uct ur es and past ur e boundar i es.   Wi t hi n each 
past ur e boundar y,  a management  syst em cont ai ns wat er  poi nt  
l ocat i ons and at t r i but es associ at ed wi t h t he del i neat ed 
past ur e.   These at t r i but es i ncl ude t he st ocki ng r at e ( t he 
number  of  cat t l e cont ai ned i n t he past ur e) ,  t he condi t i on 
of  t he al l ot ment  ( excel l ent ,  good,  f ai r ,  or  poor ) ,  t he t ype 
of  year  whi ch i s used t o est i mat e pr oduct i on ( f avor abl e,  
nor mal ,  or  unf avor abl e) .  
 
User  def i ned par amet er s f or  each past ur e:  

§ St ocki ng Rat e:  Number  of  cat t l e per  acr e 
§ Past ur e condi t i on:  Excel l ent ,  Good,  Fai r ,  Poor  
§ Type of  year :  Favor abl e,  Nor mal ,  Unf avor abl e 

 
 
 
SEDIMENT DETENTION STRUCTURES 
 
The l ocat i on of  t he sedi ment  det ent i on st r uct ur e i s 
capt ur ed f r om t he user  t hr ough t he appl i cat i on i nt er f ace 
and conver t ed t o a geor ef er enced poi nt  st or ed i n t he 
dat abase.   The cont r i but i ng ar ea i s t hen comput ed usi ng a 
GI S and t he cont r i but i ng ar ea i s i nt er sect ed wi t h t he 
or i gi nal  t opogr aphi c del i neat i on.   The sedi ment  st r uct ur e 
cont r i but i ng ar ea i s t hen r emoved f r om t he or i gi nal  
t opogr aphi c del i neat i on and t he geomet r i c char act er i st i cs 
f or  t he new wat er shed cont r i but i ng ar ea ar e r ecal cul at ed.    
 
Si nce t he upl and and channel  el ement s have been changed 
f r om t he or i gi nal  model  par amet er i zat i on,  t he soi l  and l and 
cover  par amet er i zat i on must  be r ecomput ed.   However ,  t he 
i nt er act i on wi t h t he ot her  management  pr act i ces must  f i r st  
be det er mi ned.  
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PASTURE MANAGEMENT 
 
The l ocat i on of  wat er  poi nt s and past ur e boundar i es ar e 
det er mi ned by t he user  t hr ough t he i nt er f ace.   The wat er  
poi nt s and past ur e boundar i es del i neat ed on t he scr een ar e 
conver t ed t o geor ef er enced f eat ur es and st or ed i n t he 
dat abase.   User  def i ned at t r i but es associ at ed wi t h each 
past ur e i ncl ude st ocki ng r at e and past ur e condi t i on;  t he 
t ype of  year  i s st or ed as an at t r i but e of  t he management  
syst em.    
 
Li vest ock di st r i but i on:   The l i vest ock di st r i but i on wi t hi n 
each past ur e i s cont r ol l ed by t he l ocat i on of  wat er  
sour ces,  t opogr aphy,  and veget at i on char act er i st i cs.   
Veget at i on char act er i st i cs ar e not  cur r ent l y i ncl uded i n 
det er mi ni ng l i vest ock di st r i but i on,  however  t hi s 
i nf or mat i on shoul d be i ncl uded pr i or  t o maki ng “ r eal - wor l d”  
management  deci s i ons.  
 
The out put  f r om t he past ur e management  i s a gr i d 
i l l ust r at i ng t he r el at i ve i mpact  of  gr azi ng ( ungr azed,  
l i ght ,  moder at e,  and heavy)  whi ch i s t hen used i n t he model  
par amet er i zat i on pr ocess.    
 
 
 
MODEL PARAMETERIZATION 
 
I f  sedi ment  det ent i on st r uct ur es ar e i ncor por at ed i nt o t he 
management  syst em,  t he model  par amet er i zat i on i s conduct ed 
usi ng t he t opogr aphi c del i neat i on f r om t he sedi ment  
r out i ne,  ot her wi se,  t he or i gi nal  t opogr aphi c del i neat i on 
wi l l  be used.   The soi l s model  par amet er s val ues ar e 
adj ust ed based on t he gr azi ng i mpact  gr i d cal cul at ed i n t he 
past ur e management  r out i ne speci f i ed above.   Soi l s 
hydr aul i c conduct i v i t y par amet er s ( Ks)  ar e adj ust ed based 
on dat a pr esent ed i n t he l i t er at ur e.   The l and cover  
par amet er s ( per cent  canopy,  i nt er cept i on,  Manni ng’ s n)  
shoul d be adj ust ed usi ng r el at i onshi ps der i ved f r om t he 
l i t er at ur e,  however ,  t hese r el at i onshi ps wer e not  
i mpl ement ed at  t hi s t i me.    
 
To adj ust  model  par amet er s f or  management  syst ems wi t hout  
sedi ment  det ent i on st r uct ur es,  t he or i gi nal  t opogr aphi c 
par amet er  f i l e i s conver t ed t o a GRI D f or  each hydr ol ogi c 
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par amet er  t hat  i s  goi ng t o be adj ust ed ( Ks f or  exampl e) .   
Thi s model  par amet er  GRI D i s t hen modi f i ed based on t he 
r el at i onshi ps bet ween gr azi ng i nt ensi t y and t he par amet er .   
The new adj ust ed par amet er  val ue wi l l  be aver aged over  each 
t opogr aphi c el ement ,  and t he new si mul at i on i s conduct ed.   
Si nce t he t opogr aphi c del i neat i on and el ement  
char act er i st i cs change when sedi ment  det ent i on st r uct ur es 
ar e s i mul at ed,  t he i ncl usi on of  sedi ment  det ent i on 
st r uct ur es i n t he model i ng pr ocess r equi r es an ext r a st ep.   
Pr i or  t o conver t i ng t he el ement  val ues t o a model  par amet er  
gr i d,  t he sedi ment  det ent i on st r uct ur e cont r i but i ng ar ea i s 
r emoved f r om t he wat er shed ar ea.    
 
 
A gr azi ng i nt ensi t y i s c l assi f i ed usi ng t he f ol l owi ng 
val ues:  

1 – ungr azed 
2 – l i ght  gr azi ng i nt ensi t y 
3 – moder at e gr azi ng i nt ensi t y 
4 – heavy gr azi ng i nt ensi t y 

 
 
 
RECOMMENDATIONS FOR IMPROVEMENTS: 
 
Recommendat i ons f or  i mpr ovi ng t he i ncl usi on of  management  
i n t he s i mul at i ons ar e:  

 
§ I ncl ude veget at i on char act er i st i cs i n addi t i on t o 

wat er  sour ce di st ance and t opogr aphy t o pr edi ct  
l i vest ock di st r i but i on.  

§ I ncl ude st ocki ng r at e and r ange condi t i on i n 
det er mi ni ng r educt i on i n model  par amet er  val ues.  

§ Adj ust  l and cover  par amet er s ( i nt er cept i on capaci t y,  
per cent  cover ,  Manni ng’ s r oughness,  et c. )  based on 
gr azi ng i mpact .  

§ Cur r ent l y cont r i but i ng ar eas t o sedi ment  det ent i on 
st r uct ur es ar e r emoved f r om t he si mul at i on assumi ng 
t hat  t he st r uct ur e never  over f l ows.   The det ent i on 
st r uct ur e coul d be i ncl uded i n t he model  as a pond and 
woul d over f l ow and cont r i but e t o t he downst r eam 
channel  f l ow,  a mor e r eal i st i c scenar i o.  
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Appendi x G:  KI NEROS2 Par amet er s f or  Wat er shed 11 
 
 
 
G. 1  Def aul t  KI NEROS2 channel  par amet er s  
 

Par amet er  Name Val ue 
MAN 0. 035 
Wool  Yes 
CV 0 
DI ST 0. 545 
FR 0. 05,  0. 05,  0. 9 
SS1 1 
KSAT 210 
POR 0. 44 
SS2 1 
G 101 
ROCK 0"  
SP 63 
COH 0. 005 

 
 
G. 2  KI NEROS2 par amet er s val ues der i ved f r om NALC i mager y  
 

Mesqui t e Woodl ands 
I nt er cept i on  1. 15 
Per cent  Cover   20 
Manni ngs N  0. 04 

Gr assl ands  
I nt er cept i on  2. 00 
Per cent  Cover   25 
Manni ngs N  0. 05 

Deser t  Scr ub  
I nt er cept i on  3. 00 
Per cent  Cover   10 
Manni ngs N  0. 055 
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G. 3  KI NEROS2 par amet er s val ues f or  Wat er shed 11 der i ved 
f r om STATSGO soi l s ( Mappi ng uni t  AZ061)   

 
Par amet er  Name Val ue 

Pave 0 
Spl ash 24. 91 
Rock 0. 43 
Ks 6. 67 
G 114. 97 
Por  0. 459 
Smax 0. 93 
Cv 0. 95 
Sand 0. 5 
Si l t  0. 33 
Cl ay 0. 16 
Di st  0. 3 
Cohesi on 0. 006 
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Appendi x H:  Chapt er  5 Si mul at i on Resul t s  
 

 
 
Tabl e H. 1 Si mul at ed r unof f  vol ume 
 

DEM 
Cont r i but i ng 

Sour ce 
Ar ea ( %)  

PPT Event  
Dat e 

Si mul at ed 
RO Vol  

( mm)  

Obser ved 
RO Vol  

( mm)  

SAR 2. 5M 1. 5 08/ 25/ 84 0. 41 0. 38 
SAR 2. 5M 1. 5 07/ 17/ 85 6. 97 1. 66 
SAR 2. 5M 1. 5 06/ 24/ 86 1. 20 0. 38 
SAR 2. 5M 1. 5 07/ 15/ 86 0. 76 0. 40 
SAR 2. 5M 1. 5 08/ 09/ 86 11. 53 2. 72 
SAR 2. 5M 1. 5 08/ 10/ 86 0. 00 0. 78 
SAR 2. 5M 1. 5 08/ 14/ 86 1. 72 2. 45 
SAR 2. 5M 1. 5 08/ 17/ 86 1. 32 2. 89 
SAR 2. 5M 1. 5 08/ 29/ 86 7. 83 7. 82 
SAR 2. 5M 1. 5 08/ 03/ 88 0. 06 2. 00 
SAR 2. 5M 1. 5 08/ 20/ 88 0. 15 0. 62 

SAR 2. 5M 8 08/ 25/ 84 0. 12 0. 38 
SAR 2. 5M 8 07/ 17/ 85 4. 50 1. 66 
SAR 2. 5M 8 06/ 24/ 86 0. 58 0. 38 
SAR 2. 5M 8 07/ 15/ 86 0. 33 0. 40 
SAR 2. 5M 8 08/ 09/ 86 8. 62 2. 72 
SAR 2. 5M 8 08/ 10/ 86 0. 00 0. 78 
SAR 2. 5M 8 08/ 14/ 86 0. 89 2. 45 
SAR 2. 5M 8 08/ 17/ 86 0. 60 2. 89 
SAR 2. 5M 8 08/ 29/ 86 4. 96 7. 82 
SAR 2. 5M 8 08/ 03/ 88 0. 02 2. 00 
SAR 2. 5M 8 08/ 20/ 88 0. 08 0. 62 

SAR 2. 5M 15 08/ 25/ 84 0. 09 0. 38 
SAR 2. 5M 15 07/ 17/ 85 3. 82 1. 66 
SAR 2. 5M 15 06/ 24/ 86 0. 45 0. 38 
SAR 2. 5M 15 07/ 15/ 86 0. 21 0. 40 
SAR 2. 5M 15 08/ 09/ 86 7. 73 2. 72 
SAR 2. 5M 15 08/ 10/ 86 0. 00 0. 78 
SAR 2. 5M 15 08/ 14/ 86 0. 69 2. 45 
SAR 2. 5M 15 08/ 17/ 86 0. 37 2. 89 
SAR 2. 5M 15 08/ 29/ 86 4. 29 7. 82 
SAR 2. 5M 15 08/ 03/ 88 0. 05 2. 00 

SAR 2. 5M 15 08/ 20/ 88 0. 06 0. 62 

SAR 10M 1. 5 08/ 25/ 84 0. 27 0. 38 
SAR 10M 1. 5 07/ 17/ 85 6. 34 1. 66 
SAR 10M 1. 5 06/ 24/ 86 0. 92 0. 38 
SAR 10M 1. 5 07/ 15/ 86 0. 54 0. 40 
SAR 10M 1. 5 08/ 09/ 86 11. 01 2. 72 
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SAR 10M 1. 5 08/ 10/ 86 0. 00 0. 78 
SAR 10M 1. 5 08/ 14/ 86 1. 37 2. 45 
SAR 10M 1. 5 08/ 17/ 86 0. 96 2. 89 
SAR 10M 1. 5 08/ 29/ 86 7. 13 7. 82 
SAR 10M 1. 5 08/ 03/ 88 0. 03 2. 00 
SAR 10M 1. 5 08/ 20/ 88 0. 11 0. 62 

SAR 10M 8 08/ 25/ 84 0. 10 0. 38 
SAR 10M 8 07/ 17/ 85 3. 92 1. 66 
SAR 10M 8 06/ 24/ 86 0. 47 0. 38 
SAR 10M 8 07/ 15/ 86 0. 24 0. 40 
SAR 10M 8 08/ 09/ 86 7. 77 2. 72 
SAR 10M 8 08/ 10/ 86 0. 00 0. 78 
SAR 10M 8 08/ 14/ 86 0. 73 2. 45 
SAR 10M 8 08/ 17/ 86 0. 48 2. 89 
SAR 10M 8 08/ 29/ 86 4. 32 7. 82 
SAR 10M 8 08/ 03/ 88 0. 01 2. 00 
SAR 10M 8 08/ 20/ 88 0. 06 0. 62 

SAR 10M 15 08/ 25/ 84 0. 10 0. 38 
SAR 10M 15 07/ 17/ 85 3. 20 1. 66 
SAR 10M 15 06/ 24/ 86 0. 35 0. 38 
SAR 10M 15 07/ 15/ 86 0. 18 0. 40 
SAR 10M 15 08/ 09/ 86 6. 81 2. 72 
SAR 10M 15 08/ 10/ 86 0. 00 0. 78 
SAR 10M 15 08/ 14/ 86 0. 58 2. 45 
SAR 10M 15 08/ 17/ 86 0. 29 2. 89 
SAR 10M 15 08/ 29/ 86 3. 64 7. 82 
SAR 10M 15 08/ 03/ 88 0. 03 2. 00 

SAR 10M 15 08/ 20/ 88 0. 05 0. 62 

USGS 10M 1. 5 08/ 25/ 84 0. 18 0. 38 
USGS 10M 1. 5 07/ 17/ 85 6. 10 1. 66 
USGS 10M 1. 5 06/ 24/ 86 0. 77 0. 38 
USGS 10M 1. 5 07/ 15/ 86 0. 44 0. 40 
USGS 10M 1. 5 08/ 09/ 86 10. 79 2. 72 
USGS 10M 1. 5 08/ 10/ 86 0. 00 0. 78 
USGS 10M 1. 5 08/ 14/ 86 1. 19 2. 45 
USGS 10M 1. 5 08/ 17/ 86 0. 81 2. 89 
USGS 10M 1. 5 08/ 29/ 86 6. 88 7. 82 
USGS 10M 1. 5 08/ 03/ 88 0. 03 2. 00 
USGS 10M 1. 5 08/ 20/ 88 0. 08 0. 62 

USGS 10M 8 08/ 25/ 84 0. 07 0. 38 
USGS 10M 8 07/ 17/ 85 3. 10 1. 66 
USGS 10M 8 06/ 24/ 86 0. 36 0. 38 
USGS 10M 8 07/ 15/ 86 0. 18 0. 40 
USGS 10M 8 08/ 09/ 86 6. 80 2. 72 
USGS 10M 8 08/ 10/ 86 0. 00 0. 78 
USGS 10M 8 08/ 14/ 86 0. 57 2. 45 
USGS 10M 8 08/ 17/ 86 0. 35 2. 89 
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USGS 10M 8 08/ 29/ 86 3. 69 7. 82 
USGS 10M 8 08/ 03/ 88 0. 01 2. 00 

USGS 10M 8 08/ 20/ 88 0. 04 0. 62 

USGS 10M 15 08/ 25/ 84 0. 06 0. 38 
USGS 10M 15 07/ 17/ 85 2. 58 1. 66 
USGS 10M 15 06/ 24/ 86 0. 26 0. 38 
USGS 10M 15 07/ 15/ 86 0. 13 0. 40 
USGS 10M 15 08/ 09/ 86 5. 59 2. 72 
USGS 10M 15 08/ 10/ 86 0. 00 0. 78 
USGS 10M 15 08/ 14/ 86 0. 44 2. 45 
USGS 10M 15 08/ 17/ 86 0. 21 2. 89 
USGS 10M 15 08/ 29/ 86 2. 93 7. 82 
USGS 10M 15 08/ 03/ 88 0. 02 2. 00 

USGS 10M 15 08/ 20/ 88 0. 04 0. 62 

USGS 30M 1. 5 08/ 25/ 84 0. 27 0. 38 
USGS 30M 1. 5 07/ 17/ 85 6. 25 1. 66 
USGS 30M 1. 5 06/ 24/ 86 0. 88 0. 38 
USGS 30M 1. 5 07/ 15/ 86 0. 52 0. 40 
USGS 30M 1. 5 08/ 09/ 86 10. 91 2. 72 
USGS 30M 1. 5 08/ 10/ 86 0. 00 0. 78 
USGS 30M 1. 5 08/ 14/ 86 1. 36 2. 45 
USGS 30M 1. 5 08/ 17/ 86 0. 91 2. 89 
USGS 30M 1. 5 08/ 29/ 86 7. 03 7. 82 
USGS 30M 1. 5 08/ 03/ 88 0. 02 2. 00 
USGS 30M 1. 5 08/ 20/ 88 0. 09 0. 62 

USGS 30M 8 08/ 25/ 84 0. 06 0. 38 
USGS 30M 8 07/ 17/ 85 2. 96 1. 66 
USGS 30M 8 06/ 24/ 86 0. 34 0. 38 
USGS 30M 8 07/ 15/ 86 0. 18 0. 40 
USGS 30M 8 08/ 09/ 86 6. 54 2. 72 
USGS 30M 8 08/ 10/ 86 0. 00 0. 78 
USGS 30M 8 08/ 14/ 86 0. 54 2. 45 
USGS 30M 8 08/ 17/ 86 0. 33 2. 89 
USGS 30M 8 08/ 29/ 86 3. 53 7. 82 
USGS 30M 8 08/ 03/ 88 0. 01 2. 00 

USGS 30M 8 08/ 20/ 88 0. 04 0. 62 

USGS 30M 15 08/ 25/ 84 0. 06 0. 38 
USGS 30M 15 07/ 17/ 85 2. 44 1. 66 
USGS 30M 15 06/ 24/ 86 0. 25 0. 38 
USGS 30M 15 07/ 15/ 86 0. 13 0. 40 
USGS 30M 15 08/ 09/ 86 5. 30 2. 72 
USGS 30M 15 08/ 10/ 86 0. 00 0. 78 
USGS 30M 15 08/ 14/ 86 0. 42 2. 45 
USGS 30M 15 08/ 17/ 86 0. 20 2. 89 
USGS 30M 15 08/ 29/ 86 2. 77 7. 82 
USGS 30M 15 08/ 03/ 88 0. 02 2. 00 
USGS 30M 15 08/ 20/ 88 0. 04 0. 62 
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WG 10M 1. 5 08/ 25/ 84 0. 25 0. 38 
WG 10M 1. 5 07/ 17/ 85 6. 21 1. 66 
WG 10M 1. 5 06/ 24/ 86 0. 87 0. 38 
WG 10M 1. 5 07/ 15/ 86 0. 52 0. 40 
WG 10M 1. 5 08/ 09/ 86 10. 87 2. 72 
WG 10M 1. 5 08/ 10/ 86 0. 00 0. 78 
WG 10M 1. 5 08/ 14/ 86 1. 33 2. 45 
WG 10M 1. 5 08/ 17/ 86 0. 91 2. 89 
WG 10M 1. 5 08/ 29/ 86 7. 01 7. 82 
WG 10M 1. 5 08/ 03/ 88 0. 03 2. 00 
WG 10M 1. 5 08/ 20/ 88 0. 10 0. 62 

WG 10M 8 08/ 25/ 84 0. 08 0. 38 
WG 10M 8 07/ 17/ 85 3. 75 1. 66 
WG 10M 8 06/ 24/ 86 0. 43 0. 38 
WG 10M 8 07/ 15/ 86 0. 23 0. 40 
WG 10M 8 08/ 09/ 86 7. 47 2. 72 
WG 10M 8 08/ 10/ 86 0. 00 0. 78 
WG 10M 8 08/ 14/ 86 0. 69 2. 45 
WG 10M 8 08/ 17/ 86 0. 43 2. 89 
WG 10M 8 08/ 29/ 86 4. 15 7. 82 
WG 10M 8 08/ 03/ 88 0. 02 2. 00 

WG 10M 8 08/ 20/ 88 0. 06 0. 62 

WG 10M 15 08/ 25/ 84 0. 07 0. 38 
WG 10M 15 07/ 17/ 85 3. 03 1. 66 
WG 10M 15 06/ 24/ 86 0. 32 0. 38 
WG 10M 15 07/ 15/ 86 0. 17 0. 40 
WG 10M 15 08/ 09/ 86 6. 48 2. 72 
WG 10M 15 08/ 10/ 86 0. 00 0. 78 
WG 10M 15 08/ 14/ 86 0. 54 2. 45 
WG 10M 15 08/ 17/ 86 0. 27 2. 89 
WG 10M 15 08/ 29/ 86 3. 47 7. 82 
WG 10M 15 08/ 03/ 88 0. 03 2. 00 
WG 10M 15 08/ 20/ 88 0. 04 0. 62 

SRTM 90M 8 08/ 25/ 84 0. 06 0. 38 
SRTM 90M 8 07/ 17/ 85 2. 52 1. 66 
SRTM 90M 8 06/ 24/ 86 0. 27 0. 38 
SRTM 90M 8 07/ 15/ 86 0. 16 0. 40 

SRTM 90M 8 08/ 09/ 86 5. 58 2. 72 
SRTM 90M 8 08/ 10/ 86 0. 00 0. 78 
SRTM 90M 8 08/ 14/ 86 0. 47 2. 45 
SRTM 90M 8 08/ 17/ 86 0. 30 2. 89 
SRTM 90M 8 08/ 29/ 86 2. 89 7. 82 
SRTM 90M 8 08/ 03/ 88 0. 01 2. 00 
SRTM 90M 8 08/ 20/ 88 0. 04 0. 62 

SRTM 90M 15 08/ 25/ 84 0. 06 0. 38 
SRTM 90M 15 07/ 17/ 85 2. 00 1. 66 
SRTM 90M 15 06/ 24/ 86 0. 20 0. 38 
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SRTM 90M 15 07/ 15/ 86 0. 12 0. 40 
SRTM 90M 15 08/ 09/ 86 4. 26 2. 72 
SRTM 90M 15 08/ 10/ 86 0. 00 0. 78 
SRTM 90M 15 08/ 14/ 86 0. 36 2. 45 
SRTM 90M 15 08/ 17/ 86 0. 20 2. 89 
SRTM 90M 15 08/ 29/ 86 2. 32 7. 82 
SRTM 90M 15 08/ 03/ 88 0. 01 2. 00 

SRTM 90M 15 08/ 20/ 88 0. 03 0. 62 

 
 
Tabl e H. 2 Si mul at ed peak r unof f   
 

DEM 
Cont r i but i ng 

Sour ce  
Ar ea ( %)  

PPT Event  
Dat e 

Si mul at ed 
Peak Q 

( mm/ hr )  

Obser ved 
Peak RO 
( mm/ hr )  

SAR 2. 5M 1. 5 8/ 25/ 1984 0. 58 0. 70 
SAR 2. 5M 1. 5 7/ 17/ 1985 8. 97 3. 46 
SAR 2. 5M 1. 5 6/ 24/ 1986 1. 91 0. 59 
SAR 2. 5M 1. 5 7/ 15/ 1986 1. 03 0. 67 
SAR 2. 5M 1. 5 8/ 9/ 1986 15. 66 4. 47 
SAR 2. 5M 1. 5 8/ 10/ 1986 0. 00 2. 55 
SAR 2. 5M 1. 5 8/ 14/ 1986 2. 64 3. 06 
SAR 2. 5M 1. 5 8/ 17/ 1986 1. 16 3. 31 
SAR 2. 5M 1. 5 8/ 29/ 1986 10. 54 8. 84 
SAR 2. 5M 1. 5 8/ 3/ 1988 0. 09 3. 13 
SAR 2. 5M 1. 5 8/ 20/ 1988 0. 29 0. 69 

SAR 2. 5M 8. 0 8/ 25/ 1984 0. 15 0. 70 
SAR 2. 5M 8. 0 7/ 17/ 1985 4. 48 3. 46 
SAR 2. 5M 8. 0 6/ 24/ 1986 0. 83 0. 59 
SAR 2. 5M 8. 0 7/ 15/ 1986 0. 44 0. 67 
SAR 2. 5M 8. 0 8/ 9/ 1986 7. 98 4. 47 
SAR 2. 5M 8. 0 8/ 10/ 1986 0. 00 2. 55 
SAR 2. 5M 8. 0 8/ 14/ 1986 1. 17 3. 06 
SAR 2. 5M 8. 0 8/ 17/ 1986 0. 48 3. 31 
SAR 2. 5M 8. 0 8/ 29/ 1986 5. 15 8. 84 
SAR 2. 5M 8. 0 8/ 3/ 1988 0. 03 3. 13 
SAR 2. 5M 8. 0 8/ 20/ 1988 0. 15 0. 69 

SAR 2. 5M 15. 0 8/ 25/ 1984 0. 13 0. 70 
SAR 2. 5M 15. 0 7/ 17/ 1985 3. 44 3. 46 
SAR 2. 5M 15. 0 6/ 24/ 1986 0. 70 0. 59 
SAR 2. 5M 15. 0 7/ 15/ 1986 0. 27 0. 67 
SAR 2. 5M 15. 0 8/ 9/ 1986 5. 98 4. 47 
SAR 2. 5M 15. 0 8/ 10/ 1986 0. 00 2. 55 
SAR 2. 5M 15. 0 8/ 14/ 1986 0. 94 3. 06 
SAR 2. 5M 15. 0 8/ 17/ 1986 0. 36 3. 31 
SAR 2. 5M 15. 0 8/ 29/ 1986 4. 20 8. 84 
SAR 2. 5M 15. 0 8/ 3/ 1988 0. 10 3. 13 
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SAR 2. 5M 15. 0 8/ 20/ 1988 0. 09 0. 69 

SAR 10M 1. 5 8/ 25/ 1984 0. 37 0. 70 
SAR 10M 1. 5 7/ 17/ 1985 7. 58 3. 46 
SAR 10M 1. 5 6/ 24/ 1986 1. 35 0. 59 
SAR 10M 1. 5 7/ 15/ 1986 0. 72 0. 67 
SAR 10M 1. 5 8/ 9/ 1986 13. 45 4. 47 
SAR 10M 1. 5 8/ 10/ 1986 0. 00 2. 55 
SAR 10M 1. 5 8/ 14/ 1986 1. 96 3. 06 
SAR 10M 1. 5 8/ 17/ 1986 0. 81 3. 31 
SAR 10M 1. 5 8/ 29/ 1986 8. 73 8. 84 
SAR 10M 1. 5 8/ 3/ 1988 0. 05 3. 13 
SAR 10M 1. 5 8/ 20/ 1988 0. 16 0. 69 

SAR 10M 8. 0 8/ 25/ 1984 0. 13 0. 70 
SAR 10M 8. 0 7/ 17/ 1985 3. 80 3. 46 
SAR 10M 8. 0 6/ 24/ 1986 0. 63 0. 59 
SAR 10M 8. 0 7/ 15/ 1986 0. 31 0. 67 
SAR 10M 8. 0 8/ 9/ 1986 6. 89 4. 47 
SAR 10M 8. 0 8/ 10/ 1986 0. 00 2. 55 
SAR 10M 8. 0 8/ 14/ 1986 0. 93 3. 06 
SAR 10M 8. 0 8/ 17/ 1986 0. 39 3. 31 
SAR 10M 8. 0 8/ 29/ 1986 4. 27 8. 84 
SAR 10M 8. 0 8/ 3/ 1988 0. 01 3. 13 
SAR 10M 8. 0 8/ 20/ 1988 0. 11 0. 69 

SAR 10M 15. 0 8/ 25/ 1984 0. 14 0. 70 
SAR 10M 15. 0 7/ 17/ 1985 2. 98 3. 46 
SAR 10M 15. 0 6/ 24/ 1986 0. 52 0. 59 
SAR 10M 15. 0 7/ 15/ 1986 0. 23 0. 67 
SAR 10M 15. 0 8/ 9/ 1986 5. 26 4. 47 
SAR 10M 15. 0 8/ 10/ 1986 0. 00 2. 55 
SAR 10M 15. 0 8/ 14/ 1986 0. 75 3. 06 
SAR 10M 15. 0 8/ 17/ 1986 0. 29 3. 31 
SAR 10M 15. 0 8/ 29/ 1986 3. 58 8. 84 
SAR 10M 15. 0 8/ 3/ 1988 0. 04 3. 13 

SAR 10M 15. 0 8/ 20/ 1988 0. 06 0. 69 

USGS 10M 1. 5 8/ 25/ 1984 0. 21 0. 70 
USGS 10M 1. 5 7/ 17/ 1985 6. 98 3. 46 
USGS 10M 1. 5 6/ 24/ 1986 1. 11 0. 59 
USGS 10M 1. 5 7/ 15/ 1986 0. 58 0. 67 
USGS 10M 1. 5 8/ 9/ 1986 12. 36 4. 47 
USGS 10M 1. 5 8/ 10/ 1986 0. 00 2. 55 
USGS 10M 1. 5 8/ 14/ 1986 1. 71 3. 06 
USGS 10M 1. 5 8/ 17/ 1986 0. 69 3. 31 
USGS 10M 1. 5 8/ 29/ 1986 8. 02 8. 84 
USGS 10M 1. 5 8/ 3/ 1988 0. 06 3. 13 
USGS 10M 1. 5 8/ 20/ 1988 0. 10 0. 69 

USGS 10M 8. 0 8/ 25/ 1984 0. 09 0. 70 
USGS 10M 8. 0 7/ 17/ 1985 3. 10 3. 46 
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USGS 10M 8. 0 6/ 24/ 1986 0. 43 0. 59 
USGS 10M 8. 0 7/ 15/ 1986 0. 22 0. 67 
USGS 10M 8. 0 8/ 9/ 1986 5. 78 4. 47 
USGS 10M 8. 0 8/ 10/ 1986 0. 00 2. 55 
USGS 10M 8. 0 8/ 14/ 1986 0. 71 3. 06 
USGS 10M 8. 0 8/ 17/ 1986 0. 28 3. 31 
USGS 10M 8. 0 8/ 29/ 1986 3. 59 8. 84 
USGS 10M 8. 0 8/ 3/ 1988 0. 02 3. 13 

USGS 10M 8. 0 8/ 20/ 1988 0. 07 0. 69 

USGS 10M 15. 0 8/ 25/ 1984 0. 09 0. 70 
USGS 10M 15. 0 7/ 17/ 1985 2. 32 3. 46 
USGS 10M 15. 0 6/ 24/ 1986 0. 38 0. 59 
USGS 10M 15. 0 7/ 15/ 1986 0. 16 0. 67 
USGS 10M 15. 0 8/ 9/ 1986 4. 10 4. 47 
USGS 10M 15. 0 8/ 10/ 1986 0. 00 2. 55 
USGS 10M 15. 0 8/ 14/ 1986 0. 56 3. 06 
USGS 10M 15. 0 8/ 17/ 1986 0. 22 3. 31 
USGS 10M 15. 0 8/ 29/ 1986 2. 75 8. 84 
USGS 10M 15. 0 8/ 3/ 1988 0. 02 3. 13 

USGS 10M 15. 0 8/ 20/ 1988 0. 04 0. 69 

USGS 30M 1. 5 8/ 25/ 1984 0. 34 0. 70 
USGS 30M 1. 5 7/ 17/ 1985 7. 76 3. 46 
USGS 30M 1. 5 6/ 24/ 1986 1. 34 0. 59 
USGS 30M 1. 5 7/ 15/ 1986 0. 69 0. 67 
USGS 30M 1. 5 8/ 9/ 1986 13. 83 4. 47 
USGS 30M 1. 5 8/ 10/ 1986 0. 00 2. 55 
USGS 30M 1. 5 8/ 14/ 1986 2. 03 3. 06 
USGS 30M 1. 5 8/ 17/ 1986 0. 80 3. 31 
USGS 30M 1. 5 8/ 29/ 1986 8. 92 8. 84 
USGS 30M 1. 5 8/ 3/ 1988 0. 03 3. 13 
USGS 30M 1. 5 8/ 20/ 1988 0. 12 0. 69 

USGS 30M 8. 0 8/ 25/ 1984 0. 08 0. 70 
USGS 30M 8. 0 7/ 17/ 1985 2. 87 3. 46 
USGS 30M 8. 0 6/ 24/ 1986 0. 44 0. 59 
USGS 30M 8. 0 7/ 15/ 1986 0. 22 0. 67 
USGS 30M 8. 0 8/ 9/ 1986 5. 45 4. 47 
USGS 30M 8. 0 8/ 10/ 1986 0. 00 2. 55 
USGS 30M 8. 0 8/ 14/ 1986 0. 69 3. 06 
USGS 30M 8. 0 8/ 17/ 1986 0. 28 3. 31 
USGS 30M 8. 0 8/ 29/ 1986 3. 27 8. 84 
USGS 30M 8. 0 8/ 3/ 1988 0. 01 3. 13 

USGS 30M 8. 0 8/ 20/ 1988 0. 06 0. 69 

USGS 30M 15. 0 8/ 25/ 1984 0. 09 0. 70 
USGS 30M 15. 0 7/ 17/ 1985 2. 16 3. 46 
USGS 30M 15. 0 6/ 24/ 1986 0. 36 0. 59 
USGS 30M 15. 0 7/ 15/ 1986 0. 16 0. 67 
USGS 30M 15. 0 8/ 9/ 1986 3. 86 4. 47 
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USGS 30M 15. 0 8/ 10/ 1986 0. 00 2. 55 
USGS 30M 15. 0 8/ 14/ 1986 0. 53 3. 06 
USGS 30M 15. 0 8/ 17/ 1986 0. 21 3. 31 
USGS 30M 15. 0 8/ 29/ 1986 2. 53 8. 84 
USGS 30M 15. 0 8/ 3/ 1988 0. 02 3. 13 
USGS 30M 15. 0 8/ 20/ 1988 0. 04 0. 69 

WG 10M 1. 5 8/ 25/ 1984 0. 33 0. 70 
WG 10M 1. 5 7/ 17/ 1985 7. 41 3. 46 
WG 10M 1. 5 6/ 24/ 1986 1. 32 0. 59 
WG 10M 1. 5 7/ 15/ 1986 0. 69 0. 67 
WG 10M 1. 5 8/ 9/ 1986 13. 11 4. 47 
WG 10M 1. 5 8/ 10/ 1986 0. 00 2. 55 
WG 10M 1. 5 8/ 14/ 1986 1. 95 3. 06 
WG 10M 1. 5 8/ 17/ 1986 0. 78 3. 31 
WG 10M 1. 5 8/ 29/ 1986 8. 62 8. 84 
WG 10M 1. 5 8/ 3/ 1988 0. 06 3. 13 
WG 10M 1. 5 8/ 20/ 1988 0. 14 0. 69 

WG 10M 8. 0 8/ 25/ 1984 0. 09 0. 70 
WG 10M 8. 0 7/ 17/ 1985 3. 66 3. 46 
WG 10M 8. 0 6/ 24/ 1986 0. 58 0. 59 
WG 10M 8. 0 7/ 15/ 1986 0. 29 0. 67 
WG 10M 8. 0 8/ 9/ 1986 6. 63 4. 47 
WG 10M 8. 0 8/ 10/ 1986 0. 00 2. 55 
WG 10M 8. 0 8/ 14/ 1986 0. 88 3. 06 
WG 10M 8. 0 8/ 17/ 1986 0. 35 3. 31 
WG 10M 8. 0 8/ 29/ 1986 4. 15 8. 84 
WG 10M 8. 0 8/ 3/ 1988 0. 02 3. 13 

WG 10M 8. 0 8/ 20/ 1988 0. 10 0. 69 

WG 10M 15. 0 8/ 25/ 1984 0. 10 0. 70 
WG 10M 15. 0 7/ 17/ 1985 2. 86 3. 46 
WG 10M 15. 0 6/ 24/ 1986 0. 48 0. 59 
WG 10M 15. 0 7/ 15/ 1986 0. 21 0. 67 
WG 10M 15. 0 8/ 9/ 1986 5. 04 4. 47 
WG 10M 15. 0 8/ 10/ 1986 0. 00 2. 55 
WG 10M 15. 0 8/ 14/ 1986 0. 69 3. 06 
WG 10M 15. 0 8/ 17/ 1986 0. 27 3. 31 
WG 10M 15. 0 8/ 29/ 1986 3. 46 8. 84 
WG 10M 15. 0 8/ 3/ 1988 0. 04 3. 13 
WG 10M 15. 0 8/ 20/ 1988 0. 05 0. 69 

SRTM 90M 8. 0 8/ 25/ 1984 0. 08 0. 70 
SRTM 90M 8. 0 7/ 17/ 1985 2. 43 3. 46 
SRTM 90M 8. 0 6/ 24/ 1986 0. 35 0. 59 
SRTM 90M 8. 0 7/ 15/ 1986 0. 18 0. 67 

SRTM 90M 8. 0 8/ 9/ 1986 4. 63 4. 47 
SRTM 90M 8. 0 8/ 10/ 1986 0. 00 2. 55 
SRTM 90M 8. 0 8/ 14/ 1986 0. 58 3. 06 
SRTM 90M 8. 0 8/ 17/ 1986 0. 23 3. 31 
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SRTM 90M 8. 0 8/ 29/ 1986 2. 80 8. 84 
SRTM 90M 8. 0 8/ 3/ 1988 0. 01 3. 13 
SRTM 90M 8. 0 8/ 20/ 1988 0. 05 0. 69 

SRTM 90M 15. 0 8/ 25/ 1984 0. 07 0. 70 
SRTM 90M 15. 0 7/ 17/ 1985 1. 85 3. 46 
SRTM 90M 15. 0 6/ 24/ 1986 0. 29 0. 59 
SRTM 90M 15. 0 7/ 15/ 1986 0. 15 0. 67 
SRTM 90M 15. 0 8/ 9/ 1986 3. 34 4. 47 
SRTM 90M 15. 0 8/ 10/ 1986 0. 00 2. 55 
SRTM 90M 15. 0 8/ 14/ 1986 0. 46 3. 06 
SRTM 90M 15. 0 8/ 17/ 1986 0. 19 3. 31 
SRTM 90M 15. 0 8/ 29/ 1986 2. 22 8. 84 
SRTM 90M 15. 0 8/ 3/ 1988 0. 02 3. 13 

SRTM 90M 15. 0 8/ 20/ 1988 0. 04 0. 69 
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Appendi x I :  Chapt er  6 Si mul at i on Resul t s 
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Tabl e I . 1.   Management  syst em r anki ngs usi ng sedi ment  y i el d 
pr edi ct i ons f r om Wat er shed 11 f or  s i mul at i ons per f or med 
wi t h a 1. 5% cont r i but i ng sour ce ar ea and a 5 year  r et ur n 
per i od,  30 mi nut e dur at i on r ai nf al l  event .    
 

DEM Name Management  Syst em 
Sedi ment  

Yi el d 
Uni t s Ranki ng 

I FSAR 2. 5M Management  Syst em 6 2. 339 t ons/ ha 1 

I FSAR 2. 5M Management  Syst em 2 2. 730 t ons/ ha 2 

I FSAR 2. 5M Management  Syst em 3 3. 414 t ons/ ha 3 

I FSAR 2. 5M Management  Syst em 4 3. 591 t ons/ ha 4 

I FSAR 2. 5M Management  Syst em 1 3. 673 t ons/ ha 5 

I FSAR 2. 5M Management  Syst em 5 3. 760 t ons/ ha 6 

I FSAR 10M Management  Syst em 1 0. 535 t ons/ ha 1 

I FSAR 10M Management  Syst em 6 0. 649 t ons/ ha 2 

I FSAR 10M Management  Syst em 3 0. 821 t ons/ ha 3 

I FSAR 10M Management  Syst em 5 0. 830 t ons/ ha 4 

I FSAR 10M Management  Syst em 2 0. 853 t ons/ ha 5 

I FSAR 10M Management  Syst em 4 0. 976 t ons/ ha 6 

USGS 10M Management  Syst em 6 0. 205 t ons/ ha 1 

USGS 10M Management  Syst em 2 0. 270 t ons/ ha 2 

USGS 10M Management  Syst em 4 0. 325 t ons/ ha 3 

USGS 10M Management  Syst em 1 0. 353 t ons/ ha 4 

USGS 10M Management  Syst em 3 0. 402 t ons/ ha 5 

USGS 10M Management  Syst em 5 0. 437 t ons/ ha 6 

USGS 30M Management  Syst em 6 0. 151 t ons/ ha 1 

USGS 30M Management  Syst em 1 0. 320 t ons/ ha 2 

USGS 30M Management  Syst em 5 0. 335 t ons/ ha 3 

USGS 30M Management  Syst em 3 0. 373 t ons/ ha 4 

USGS 30M Management  Syst em 4 0. 403 t ons/ ha 5 

USGS 30M Management  Syst em 2 0. 618 t ons/ ha 6 

WG 10M Management  Syst em 6 0. 408 t ons/ ha 1 

WG 10M Management  Syst em 1 0. 586 t ons/ ha 2 

WG 10M Management  Syst em 2 0. 594 t ons/ ha 3 

WG 10M Management  Syst em 4 0. 763 t ons/ ha 4 

WG 10M Management  Syst em 3 0. 777 t ons/ ha 5 

WG 10M Management  Syst em 5 0. 789 t ons/ ha 6 

 



281 

 

Tabl e I . 2.   Management  syst em r anki ngs usi ng sedi ment  y i el d 
pr edi ct i ons f r om Wat er shed 11 f or  s i mul at i ons per f or med 
wi t h a 1. 5% cont r i but i ng sour ce ar ea and a 5 year  r et ur n 
per i od,  60 mi nut e dur at i on r ai nf al l  event .    
 

DEM Name Management  Syst em 
Sedi ment  

Yi el d 
Uni t s Ranki ng 

I FSAR 2. 5M Management  Syst em 6 6. 697 t ons/ ha 1 

I FSAR 2. 5M Management  Syst em 2 7. 691 t ons/ ha 2 

I FSAR 2. 5M Management  Syst em 4 10. 499 t ons/ ha 3 

I FSAR 2. 5M Management  Syst em 1 10. 500 t ons/ ha 4 

I FSAR 2. 5M Management  Syst em 5 11. 242 t ons/ ha 5 

I FSAR 2. 5M Management  Syst em 3 12. 198 t ons/ ha 6 

I FSAR 10M Management  Syst em 6 3. 978 t ons/ ha 1 

I FSAR 10M Management  Syst em 1 4. 926 t ons/ ha 2 

I FSAR 10M Management  Syst em 2 5. 919 t ons/ ha 3 

I FSAR 10M Management  Syst em 5 6. 509 t ons/ ha 4 

I FSAR 10M Management  Syst em 4 7. 442 t ons/ ha 5 

I FSAR 10M Management  Syst em 3 8. 767 t ons/ ha 6 

USGS 10M Management  Syst em 6 1. 907 t ons/ ha 1 

USGS 10M Management  Syst em 1 2. 567 t ons/ ha 2 

USGS 10M Management  Syst em 2 2. 761 t ons/ ha 3 

USGS 10M Management  Syst em 5 2. 840 t ons/ ha 4 

USGS 10M Management  Syst em 3 3. 614 t ons/ ha 5 

USGS 10M Management  Syst em 4 3. 641 t ons/ ha 6 

USGS 30M Management  Syst em 6 1. 636 t ons/ ha 1 

USGS 30M Management  Syst em 5 3. 013 t ons/ ha 2 

USGS 30M Management  Syst em 2 3. 139 t ons/ ha 3 

USGS 30M Management  Syst em 1 3. 437 t ons/ ha 4 

USGS 30M Management  Syst em 3 4. 336 t ons/ ha 5 

USGS 30M Management  Syst em 4 4. 419 t ons/ ha 6 

WG 10M Management  Syst em 6 2. 529 t ons/ ha 1 

WG 10M Management  Syst em 1 3. 811 t ons/ ha 2 

WG 10M Management  Syst em 5 4. 496 t ons/ ha 3 

WG 10M Management  Syst em 2 4. 984 t ons/ ha 4 

WG 10M Management  Syst em 4 6. 766 t ons/ ha 5 

WG 10M Management  Syst em 3 7. 263 t ons/ ha 6 
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Tabl e I . 3.   Management  syst em r anki ngs usi ng sedi ment  y i el d 
pr edi ct i ons f r om Wat er shed 11 f or  s i mul at i ons per f or med 
wi t h a 1. 5% cont r i but i ng sour ce ar ea and a 10 year  r et ur n 
per i od,  30 mi nut e dur at i on r ai nf al l  event .    
 

DEM Name Management  Syst em 
Sedi ment  

Yi el d 
Uni t s Ranki ng 

I FSAR 2. 5M Management  Syst em 5 12. 18 t ons/ ha 1 

I FSAR 2. 5M Management  Syst em 3 14. 18 t ons/ ha 2 

I FSAR 2. 5M Management  Syst em 2 19. 40 t ons/ ha 3 

I FSAR 2. 5M Management  Syst em 6 21. 03 t ons/ ha 4 

I FSAR 2. 5M Management  Syst em 1 27. 77 t ons/ ha 5 

I FSAR 2. 5M Management  Syst em 4 29. 43 t ons/ ha 6 

I FSAR 10M Management  Syst em 6 8. 99 t ons/ ha 1 

I FSAR 10M Management  Syst em 3 11. 45 t ons/ ha 2 

I FSAR 10M Management  Syst em 4 11. 83 t ons/ ha 3 

I FSAR 10M Management  Syst em 5 12. 62 t ons/ ha 4 

I FSAR 10M Management  Syst em 1 13. 73 t ons/ ha 5 

I FSAR 10M Management  Syst em 2 14. 73 t ons/ ha 6 

USGS 10M Management  Syst em 2 5. 37 t ons/ ha 1 

USGS 10M Management  Syst em 6 6. 33 t ons/ ha 2 

USGS 10M Management  Syst em 3 6. 61 t ons/ ha 3 

USGS 10M Management  Syst em 5 6. 76 t ons/ ha 4 

USGS 10M Management  Syst em 1 8. 21 t ons/ ha 5 

USGS 10M Management  Syst em 4 8. 43 t ons/ ha 6 

USGS 30M Management  Syst em 2 3. 94 t ons/ ha 1 

USGS 30M Management  Syst em 5 7. 32 t ons/ ha 2 

USGS 30M Management  Syst em 6 7. 90 t ons/ ha 3 

USGS 30M Management  Syst em 3 8. 05 t ons/ ha 4 

USGS 30M Management  Syst em 4 9. 69 t ons/ ha 5 

USGS 30M Management  Syst em 1 10. 59 t ons/ ha 6 

WG 10M Management  Syst em 5 7. 81 t ons/ ha 1 

WG 10M Management  Syst em 6 7. 95 t ons/ ha 2 

WG 10M Management  Syst em 3 8. 25 t ons/ ha 3 

WG 10M Management  Syst em 2 8. 61 t ons/ ha 4 

WG 10M Management  Syst em 1 9. 12 t ons/ ha 5 

WG 10M Management  Syst em 4 9. 60 t ons/ ha 6 
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Tabl e I . 4.   Management  syst em r anki ngs usi ng sedi ment  y i el d 
pr edi ct i ons f r om Wat er shed 11 f or  s i mul at i ons per f or med 
wi t h a 1. 5% cont r i but i ng sour ce ar ea and a 10 year  r et ur n 
per i od,  60 mi nut e dur at i on r ai nf al l  event .    
 

DEM Name Management  Syst em 
Sedi ment  

Yi el d 
Uni t s Ranki ng 

I FSAR 2. 5M Management  Syst em 4 37. 074 t ons/ ha 1 

I FSAR 2. 5M Management  Syst em 6 42. 398 t ons/ ha 2 

I FSAR 2. 5M Management  Syst em 3 43. 350 t ons/ ha 3 

I FSAR 2. 5M Management  Syst em 5 44. 495 t ons/ ha 4 

I FSAR 2. 5M Management  Syst em 1 47. 399 t ons/ ha 5 

I FSAR 2. 5M Management  Syst em 2 50. 510 t ons/ ha 6 

I FSAR 10M Management  Syst em 2 23. 190 t ons/ ha 1 

I FSAR 10M Management  Syst em 6 24. 601 t ons/ ha 2 

I FSAR 10M Management  Syst em 1 26. 233 t ons/ ha 3 

I FSAR 10M Management  Syst em 4 27. 173 t ons/ ha 4 

I FSAR 10M Management  Syst em 5 28. 343 t ons/ ha 5 

I FSAR 10M Management  Syst em 3 30. 745 t ons/ ha 6 

USGS 10M Management  Syst em 6 8. 751 t ons/ ha 1 

USGS 10M Management  Syst em 1 8. 876 t ons/ ha 2 

USGS 10M Management  Syst em 2 9. 956 t ons/ ha 3 

USGS 10M Management  Syst em 4 12. 203 t ons/ ha 4 

USGS 10M Management  Syst em 3 13. 708 t ons/ ha 5 

USGS 10M Management  Syst em 5 14. 956 t ons/ ha 6 

USGS 30M Management  Syst em 6 7. 305 t ons/ ha 1 

USGS 30M Management  Syst em 4 10. 458 t ons/ ha 2 

USGS 30M Management  Syst em 1 11. 664 t ons/ ha 3 

USGS 30M Management  Syst em 5 11. 869 t ons/ ha 4 

USGS 30M Management  Syst em 3 12. 768 t ons/ ha 5 

USGS 30M Management  Syst em 2 13. 276 t ons/ ha 6 

WG 10M Management  Syst em 2 14. 518 t ons/ ha 1 

WG 10M Management  Syst em 6 17. 867 t ons/ ha 2 

WG 10M Management  Syst em 1 17. 980 t ons/ ha 3 

WG 10M Management  Syst em 3 18. 313 t ons/ ha 4 

WG 10M Management  Syst em 4 21. 643 t ons/ ha 5 

WG 10M Management  Syst em 5 22. 329 t ons/ ha 6 
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Tabl e I . 5.   Management  syst em r anki ngs usi ng sedi ment  y i el d 
pr edi ct i ons f r om Wat er shed 11 f or  s i mul at i ons per f or med 
wi t h a 1. 5% cont r i but i ng sour ce ar ea and a 100 year  r et ur n 
per i od,  30 mi nut e dur at i on r ai nf al l  event .    
 

DEM Name Management  Syst em 
Sedi ment  

Yi el d 
Uni t s Ranki ng 

I FSAR 2. 5M Management  Syst em 6 41. 618 t ons/ ha 1 

I FSAR 2. 5M Management  Syst em 2 50. 061 t ons/ ha 2 

I FSAR 2. 5M Management  Syst em 1 50. 657 t ons/ ha 3 

I FSAR 2. 5M Management  Syst em 4 51. 976 t ons/ ha 4 

I FSAR 2. 5M Management  Syst em 5 53. 469 t ons/ ha 5 

I FSAR 2. 5M Management  Syst em 3 55. 757 t ons/ ha 6 

I FSAR 10M Management  Syst em 5 35. 076 t ons/ ha 1 

I FSAR 10M Management  Syst em 3 36. 415 t ons/ ha 2 

I FSAR 10M Management  Syst em 1 42. 586 t ons/ ha 3 

I FSAR 10M Management  Syst em 4 44. 022 t ons/ ha 4 

I FSAR 10M Management  Syst em 2 49. 613 t ons/ ha 5 

I FSAR 10M Management  Syst em 6 54. 442 t ons/ ha 6 

USGS 10M Management  Syst em 2 23. 852 t ons/ ha 1 

USGS 10M Management  Syst em 5 26. 018 t ons/ ha 2 

USGS 10M Management  Syst em 3 26. 647 t ons/ ha 3 

USGS 10M Management  Syst em 1 27. 089 t ons/ ha 4 

USGS 10M Management  Syst em 6 28. 468 t ons/ ha 5 

USGS 10M Management  Syst em 4 33. 705 t ons/ ha 6 

USGS 30M Management  Syst em 6 20. 587 t ons/ ha 1 

USGS 30M Management  Syst em 1 21. 276 t ons/ ha 2 

USGS 30M Management  Syst em 4 23. 249 t ons/ ha 3 

USGS 30M Management  Syst em 5 30. 428 t ons/ ha 4 

USGS 30M Management  Syst em 2 31. 588 t ons/ ha 5 

USGS 30M Management  Syst em 3 33. 548 t ons/ ha 6 

WG 10M Management  Syst em 1 31. 190 t ons/ ha 1 

WG 10M Management  Syst em 6 33. 065 t ons/ ha 2 

WG 10M Management  Syst em 4 38. 627 t ons/ ha 3 

WG 10M Management  Syst em 2 40. 302 t ons/ ha 4 

WG 10M Management  Syst em 3 41. 697 t ons/ ha 5 

WG 10M Management  Syst em 5 42. 322 t ons/ ha 6 
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Tabl e I . 6.   Management  syst em r anki ngs usi ng sedi ment  y i el d 
pr edi ct i ons f r om Wat er shed 11 f or  s i mul at i ons per f or med 
wi t h a 1. 5% cont r i but i ng sour ce ar ea and a 100 year  r et ur n 
per i od,  60 mi nut e dur at i on r ai nf al l  event .    
 

DEM Name Management  Syst em 
Sedi ment  

Yi el d 
Uni t s Ranki ng 

I FSAR 2. 5M Management  Syst em 6 87. 570 t ons/ ha 1 

I FSAR 2. 5M Management  Syst em 4 96. 102 t ons/ ha 2 

I FSAR 2. 5M Management  Syst em 3 96. 837 t ons/ ha 3 

I FSAR 2. 5M Management  Syst em 5 100. 249 t ons/ ha 4 

I FSAR 2. 5M Management  Syst em 2 109. 285 t ons/ ha 5 

I FSAR 2. 5M Management  Syst em 1 124. 325 t ons/ ha 6 

I FSAR 10M Management  Syst em 6 67. 686 t ons/ ha 1 

I FSAR 10M Management  Syst em 5 71. 614 t ons/ ha 2 

I FSAR 10M Management  Syst em 1 74. 436 t ons/ ha 3 

I FSAR 10M Management  Syst em 3 84. 789 t ons/ ha 4 

I FSAR 10M Management  Syst em 2 88. 375 t ons/ ha 5 

I FSAR 10M Management  Syst em 4 92. 431 t ons/ ha 6 

USGS 10M Management  Syst em 2 37. 798 t ons/ ha 1 

USGS 10M Management  Syst em 3 37. 824 t ons/ ha 2 

USGS 10M Management  Syst em 6 40. 701 t ons/ ha 3 

USGS 10M Management  Syst em 1 41. 003 t ons/ ha 4 

USGS 10M Management  Syst em 5 44. 133 t ons/ ha 5 

USGS 10M Management  Syst em 4 46. 571 t ons/ ha 6 

USGS 30M Management  Syst em 6 23. 262 t ons/ ha 1 

USGS 30M Management  Syst em 1 23. 897 t ons/ ha 2 

USGS 30M Management  Syst em 4 26. 761 t ons/ ha 3 

USGS 30M Management  Syst em 3 27. 831 t ons/ ha 4 

USGS 30M Management  Syst em 2 28. 995 t ons/ ha 5 

USGS 30M Management  Syst em 5 31. 347 t ons/ ha 6 

WG 10M Management  Syst em 6 39. 730 t ons/ ha 1 

WG 10M Management  Syst em 3 46. 231 t ons/ ha 2 

WG 10M Management  Syst em 5 48. 665 t ons/ ha 3 

WG 10M Management  Syst em 4 50. 783 t ons/ ha 4 

WG 10M Management  Syst em 2 53. 877 t ons/ ha 5 

WG 10M Management  Syst em 1 55. 107 t ons/ ha 6 
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Tabl e I . 7.   Management  syst em r anki ngs usi ng sedi ment  y i el d 
pr edi ct i ons f r om Wat er shed 11 f or  s i mul at i ons per f or med 
wi t h a 8% cont r i but i ng sour ce ar ea and a 5 year  r et ur n 
per i od,  30 mi nut e dur at i on r ai nf al l  event .    
 

DEM Name Management  Syst em 
Sedi ment  

Yi el d 
Uni t s Ranki ng 

I FSAR 2. 5M Management  Syst em 6 0. 542 t ons/ ha 1 

I FSAR 2. 5M Management  Syst em 2 0. 767 t ons/ ha 2 

I FSAR 2. 5M Management  Syst em 1 0. 857 t ons/ ha 3 

I FSAR 2. 5M Management  Syst em 4 0. 913 t ons/ ha 4 

I FSAR 2. 5M Management  Syst em 3 1. 073 t ons/ ha 5 

I FSAR 2. 5M Management  Syst em 5 1. 115 t ons/ ha 6 

I FSAR 10M Management  Syst em 1 0. 115 t ons/ ha 1 

I FSAR 10M Management  Syst em 6 0. 174 t ons/ ha 2 

I FSAR 10M Management  Syst em 5 0. 203 t ons/ ha 3 

I FSAR 10M Management  Syst em 2 0. 242 t ons/ ha 4 

I FSAR 10M Management  Syst em 3 0. 266 t ons/ ha 5 

I FSAR 10M Management  Syst em 4 0. 328 t ons/ ha 6 

USGS 10M Management  Syst em 6 0. 028 t ons/ ha 1 

USGS 10M Management  Syst em 2 0. 039 t ons/ ha 2 

USGS 10M Management  Syst em 1 0. 051 t ons/ ha 3 

USGS 10M Management  Syst em 4 0. 059 t ons/ ha 4 

USGS 10M Management  Syst em 5 0. 086 t ons/ ha 5 

USGS 10M Management  Syst em 3 0. 094 t ons/ ha 6 

USGS 30M Management  Syst em 6 0. 037 t ons/ ha 1 

USGS 30M Management  Syst em 2 0. 054 t ons/ ha 2 

USGS 30M Management  Syst em 1 0. 063 t ons/ ha 3 

USGS 30M Management  Syst em 4 0. 072 t ons/ ha 4 

USGS 30M Management  Syst em 5 0. 082 t ons/ ha 5 

USGS 30M Management  Syst em 3 0. 090 t ons/ ha 6 

WG 10M Management  Syst em 6 0. 079 t ons/ ha 1 

WG 10M Management  Syst em 5 0. 096 t ons/ ha 2 

WG 10M Management  Syst em 1 0. 124 t ons/ ha 3 

WG 10M Management  Syst em 2 0. 125 t ons/ ha 4 

WG 10M Management  Syst em 3 0. 131 t ons/ ha 5 

WG 10M Management  Syst em 4 0. 176 t ons/ ha 6 

SRTM 90M Management  Syst em 6 0. 019 t ons/ ha 1 

SRTM 90M Management  Syst em 2 0. 019 t ons/ ha 2 

SRTM 90M Management  Syst em 1 0. 023 t ons/ ha 3 

SRTM 90M Management  Syst em 4 0. 035 t ons/ ha 4 

SRTM 90M Management  Syst em 3 0. 076 t ons/ ha 5 

SRTM 90M Management  Syst em 5 0. 097 t ons/ ha 6 
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Tabl e I . 8.   Management  syst em r anki ngs usi ng sedi ment  y i el d 
pr edi ct i ons f r om Wat er shed 11 f or  s i mul at i ons per f or med 
wi t h a 8% cont r i but i ng sour ce ar ea and a 5 year  r et ur n 
per i od,  60 mi nut e dur at i on r ai nf al l  event .    
 

DEM Name Management  Syst em 
Sedi ment  

Yi el d 
Uni t s Ranki ng 

I FSAR 2. 5M Management  Syst em 6 2. 873 t ons/ ha 1 

I FSAR 2. 5M Management  Syst em 2 3. 422 t ons/ ha 2 

I FSAR 2. 5M Management  Syst em 1 4. 167 t ons/ ha 3 

I FSAR 2. 5M Management  Syst em 5 4. 522 t ons/ ha 4 

I FSAR 2. 5M Management  Syst em 4 4. 538 t ons/ ha 5 

I FSAR 2. 5M Management  Syst em 3 4. 905 t ons/ ha 6 

I FSAR 10M Management  Syst em 6 1. 868 t ons/ ha 1 

I FSAR 10M Management  Syst em 2 2. 171 t ons/ ha 2 

I FSAR 10M Management  Syst em 1 2. 671 t ons/ ha 3 

I FSAR 10M Management  Syst em 5 2. 886 t ons/ ha 4 

I FSAR 10M Management  Syst em 4 2. 918 t ons/ ha 5 

I FSAR 10M Management  Syst em 3 3. 139 t ons/ ha 6 

USGS 10M Management  Syst em 6 0. 954 t ons/ ha 1 

USGS 10M Management  Syst em 2 1. 162 t ons/ ha 2 

USGS 10M Management  Syst em 1 1. 370 t ons/ ha 3 

USGS 10M Management  Syst em 4 1. 501 t ons/ ha 4 

USGS 10M Management  Syst em 5 1. 534 t ons/ ha 5 

USGS 10M Management  Syst em 3 1. 678 t ons/ ha 6 

USGS 30M Management  Syst em 6 0. 799 t ons/ ha 1 

USGS 30M Management  Syst em 2 0. 984 t ons/ ha 2 

USGS 30M Management  Syst em 1 1. 194 t ons/ ha 3 

USGS 30M Management  Syst em 4 1. 320 t ons/ ha 4 

USGS 30M Management  Syst em 5 1. 360 t ons/ ha 5 

USGS 30M Management  Syst em 3 1. 489 t ons/ ha 6 

WG 10M Management  Syst em 6 1. 384 t ons/ ha 1 

WG 10M Management  Syst em 2 1. 648 t ons/ ha 2 

WG 10M Management  Syst em 1 1. 948 t ons/ ha 3 

WG 10M Management  Syst em 4 2. 152 t ons/ ha 4 

WG 10M Management  Syst em 5 2. 153 t ons/ ha 5 

WG 10M Management  Syst em 3 2. 310 t ons/ ha 6 

SRTM 90M Management  Syst em 6 0. 180 t ons/ ha 1 

SRTM 90M Management  Syst em 2 0. 237 t ons/ ha 2 

SRTM 90M Management  Syst em 1 0. 277 t ons/ ha 3 

SRTM 90M Management  Syst em 4 0. 305 t ons/ ha 4 

SRTM 90M Management  Syst em 5 0. 315 t ons/ ha 5 

SRTM 90M Management  Syst em 3 0. 354 t ons/ ha 6 
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Tabl e I . 9.   Management  syst em r anki ngs usi ng sedi ment  y i el d 
pr edi ct i ons f r om Wat er shed 11 f or  s i mul at i ons per f or med 
wi t h a 8% cont r i but i ng sour ce ar ea and a 10 year  r et ur n 
per i od,  30 mi nut e dur at i on r ai nf al l  event .    
 

DEM Name Management  Syst em 
Sedi ment  

Yi el d 
Uni t s Ranki ng 

I FSAR 2. 5M Management  Syst em 5 5. 437 t ons/ ha 1 

I FSAR 2. 5M Management  Syst em 2 9. 336 t ons/ ha 2 

I FSAR 2. 5M Management  Syst em 1 9. 407 t ons/ ha 3 

I FSAR 2. 5M Management  Syst em 6 10. 604 t ons/ ha 4 

I FSAR 2. 5M Management  Syst em 4 11. 386 t ons/ ha 5 

I FSAR 2. 5M Management  Syst em 3 11. 408 t ons/ ha 6 

I FSAR 10M Management  Syst em 2 2. 823 t ons/ ha 1 

I FSAR 10M Management  Syst em 6 5. 894 t ons/ ha 2 

I FSAR 10M Management  Syst em 3 7. 910 t ons/ ha 3 

I FSAR 10M Management  Syst em 1 8. 089 t ons/ ha 4 

I FSAR 10M Management  Syst em 5 8. 599 t ons/ ha 5 

I FSAR 10M Management  Syst em 4 8. 605 t ons/ ha 6 

USGS 10M Management  Syst em 6 1. 970 t ons/ ha 1 

USGS 10M Management  Syst em 4 2. 077 t ons/ ha 2 

USGS 10M Management  Syst em 5 2. 121 t ons/ ha 3 

USGS 10M Management  Syst em 3 2. 258 t ons/ ha 4 

USGS 10M Management  Syst em 2 2. 486 t ons/ ha 5 

USGS 10M Management  Syst em 1 3. 215 t ons/ ha 6 

USGS 30M Management  Syst em 2 1. 663 t ons/ ha 1 

USGS 30M Management  Syst em 4 1. 981 t ons/ ha 2 

USGS 30M Management  Syst em 5 2. 044 t ons/ ha 3 

USGS 30M Management  Syst em 3 2. 175 t ons/ ha 4 

USGS 30M Management  Syst em 1 2. 407 t ons/ ha 5 

USGS 30M Management  Syst em 6 2. 514 t ons/ ha 6 

WG 10M Management  Syst em 6 3. 619 t ons/ ha 1 

WG 10M Management  Syst em 4 3. 995 t ons/ ha 2 

WG 10M Management  Syst em 2 4. 265 t ons/ ha 3 

WG 10M Management  Syst em 1 6. 618 t ons/ ha 4 

WG 10M Management  Syst em 3 6. 689 t ons/ ha 5 

WG 10M Management  Syst em 5 9. 487 t ons/ ha 6 

SRTM 90M Management  Syst em 2 0. 321 t ons/ ha 1 

SRTM 90M Management  Syst em 1 0. 361 t ons/ ha 2 

SRTM 90M Management  Syst em 5 0. 395 t ons/ ha 3 

SRTM 90M Management  Syst em 3 0. 420 t ons/ ha 4 

SRTM 90M Management  Syst em 4 0. 523 t ons/ ha 5 

SRTM 90M Management  Syst em 6 1. 191 t ons/ ha 6 
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Tabl e I . 10.   Management  syst em r anki ngs usi ng sedi ment  
y i el d pr edi ct i ons f r om Wat er shed 11 f or  s i mul at i ons 
per f or med wi t h a 8% cont r i but i ng sour ce ar ea and a 10 year  
r et ur n per i od,  60 mi nut e dur at i on r ai nf al l  event .    
 

DEM Name Management  Syst em 
Sedi ment  

Yi el d 
Uni t s Ranki ng 

I FSAR 2. 5M Management  Syst em 6 8. 259 t ons/ ha 1 

I FSAR 2. 5M Management  Syst em 2 9. 149 t ons/ ha 2 

I FSAR 2. 5M Management  Syst em 4 10. 968 t ons/ ha 3 

I FSAR 2. 5M Management  Syst em 3 22. 883 t ons/ ha 4 

I FSAR 2. 5M Management  Syst em 5 23. 020 t ons/ ha 5 

I FSAR 2. 5M Management  Syst em 1 30. 971 t ons/ ha 6 

I FSAR 10M Management  Syst em 6 5. 386 t ons/ ha 1 

I FSAR 10M Management  Syst em 4 7. 157 t ons/ ha 2 

I FSAR 10M Management  Syst em 2 8. 528 t ons/ ha 3 

I FSAR 10M Management  Syst em 5 12. 030 t ons/ ha 4 

I FSAR 10M Management  Syst em 1 14. 788 t ons/ ha 5 

I FSAR 10M Management  Syst em 3 15. 538 t ons/ ha 6 

USGS 10M Management  Syst em 6 3. 996 t ons/ ha 1 

USGS 10M Management  Syst em 1 5. 010 t ons/ ha 2 

USGS 10M Management  Syst em 2 6. 898 t ons/ ha 3 

USGS 10M Management  Syst em 5 7. 300 t ons/ ha 4 

USGS 10M Management  Syst em 3 7. 408 t ons/ ha 5 

USGS 10M Management  Syst em 4 8. 239 t ons/ ha 6 

USGS 30M Management  Syst em 1 3. 805 t ons/ ha 1 

USGS 30M Management  Syst em 6 3. 806 t ons/ ha 2 

USGS 30M Management  Syst em 4 5. 062 t ons/ ha 3 

USGS 30M Management  Syst em 2 5. 478 t ons/ ha 4 

USGS 30M Management  Syst em 5 5. 525 t ons/ ha 5 

USGS 30M Management  Syst em 3 5. 675 t ons/ ha 6 

WG 10M Management  Syst em 4 5. 262 t ons/ ha 1 

WG 10M Management  Syst em 2 6. 294 t ons/ ha 2 

WG 10M Management  Syst em 5 7. 407 t ons/ ha 3 

WG 10M Management  Syst em 3 7. 681 t ons/ ha 4 

WG 10M Management  Syst em 1 9. 094 t ons/ ha 5 

WG 10M Management  Syst em 6 10. 440 t ons/ ha 6 

SRTM 90M Management  Syst em 6 0. 615 t ons/ ha 1 

SRTM 90M Management  Syst em 2 0. 692 t ons/ ha 2 

SRTM 90M Management  Syst em 1 0. 771 t ons/ ha 3 

SRTM 90M Management  Syst em 4 0. 814 t ons/ ha 4 

SRTM 90M Management  Syst em 5 0. 838 t ons/ ha 5 

SRTM 90M Management  Syst em 3 0. 878 t ons/ ha 6 
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Tabl e I . 11.   Management  syst em r anki ngs usi ng sedi ment  
y i el d pr edi ct i ons f r om Wat er shed 11 f or  s i mul at i ons 
per f or med wi t h a 8% cont r i but i ng sour ce ar ea and a 100 year  
r et ur n per i od,  30 mi nut e dur at i on r ai nf al l  event .    
 

DEM Name Management  Syst em 
Sedi ment  

Yi el d 
Uni t s Ranki ng 

I FSAR 2. 5M Management  Syst em 2 21. 678 t ons/ ha 1 

I FSAR 2. 5M Management  Syst em 4 24. 499 t ons/ ha 2 

I FSAR 2. 5M Management  Syst em 6 31. 818 t ons/ ha 3 

I FSAR 2. 5M Management  Syst em 1 46. 227 t ons/ ha 4 

I FSAR 2. 5M Management  Syst em 3 49. 314 t ons/ ha 5 

I FSAR 2. 5M Management  Syst em 5 62. 867 t ons/ ha 6 

I FSAR 10M Management  Syst em 5 16. 153 t ons/ ha 1 

I FSAR 10M Management  Syst em 3 23. 406 t ons/ ha 2 

I FSAR 10M Management  Syst em 1 23. 476 t ons/ ha 3 

I FSAR 10M Management  Syst em 4 24. 022 t ons/ ha 4 

I FSAR 10M Management  Syst em 6 26. 792 t ons/ ha 5 

I FSAR 10M Management  Syst em 2 34. 801 t ons/ ha 6 

USGS 10M Management  Syst em 1 9. 482 t ons/ ha 1 

USGS 10M Management  Syst em 5 9. 963 t ons/ ha 2 

USGS 10M Management  Syst em 6 10. 430 t ons/ ha 3 

USGS 10M Management  Syst em 2 14. 164 t ons/ ha 4 

USGS 10M Management  Syst em 4 16. 047 t ons/ ha 5 

USGS 10M Management  Syst em 3 16. 352 t ons/ ha 6 

USGS 30M Management  Syst em 1 7. 454 t ons/ ha 1 

USGS 30M Management  Syst em 5 7. 897 t ons/ ha 2 

USGS 30M Management  Syst em 2 8. 698 t ons/ ha 3 

USGS 30M Management  Syst em 4 9. 625 t ons/ ha 4 

USGS 30M Management  Syst em 6 10. 694 t ons/ ha 5 

USGS 30M Management  Syst em 3 11. 178 t ons/ ha 6 

WG 10M Management  Syst em 2 13. 832 t ons/ ha 1 

WG 10M Management  Syst em 1 14. 971 t ons/ ha 2 

WG 10M Management  Syst em 4 15. 394 t ons/ ha 3 

WG 10M Management  Syst em 6 17. 396 t ons/ ha 4 

WG 10M Management  Syst em 3 18. 453 t ons/ ha 5 

WG 10M Management  Syst em 5 20. 855 t ons/ ha 6 

SRTM 90M Management  Syst em 5 2. 538 t ons/ ha 1 

SRTM 90M Management  Syst em 3 2. 605 t ons/ ha 2 

SRTM 90M Management  Syst em 6 4. 165 t ons/ ha 3 

SRTM 90M Management  Syst em 2 4. 808 t ons/ ha 4 

SRTM 90M Management  Syst em 1 4. 900 t ons/ ha 5 

SRTM 90M Management  Syst em 4 5. 162 t ons/ ha 6 
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Tabl e I . 12.   Management  syst em r anki ngs usi ng sedi ment  
y i el d pr edi ct i ons f r om Wat er shed 11 f or  s i mul at i ons 
per f or med wi t h a 8% cont r i but i ng sour ce ar ea and a 100 year  
r et ur n per i od,  60 mi nut e dur at i on r ai nf al l  event .    
 

DEM Name Management  Syst em 
Sedi ment  

Yi el d 
Uni t s Ranki ng 

I FSAR 2. 5M Management  Syst em 5 47. 241 t ons/ ha 1 

I FSAR 2. 5M Management  Syst em 4 56. 822 t ons/ ha 2 

I FSAR 2. 5M Management  Syst em 3 84. 155 t ons/ ha 3 

I FSAR 2. 5M Management  Syst em 6 85. 704 t ons/ ha 4 

I FSAR 2. 5M Management  Syst em 2 86. 374 t ons/ ha 5 

I FSAR 2. 5M Management  Syst em 1 94. 406 t ons/ ha 6 

I FSAR 10M Management  Syst em 1 30. 630 t ons/ ha 1 

I FSAR 10M Management  Syst em 6 37. 281 t ons/ ha 2 

I FSAR 10M Management  Syst em 2 38. 881 t ons/ ha 3 

I FSAR 10M Management  Syst em 4 42. 426 t ons/ ha 4 

I FSAR 10M Management  Syst em 5 42. 792 t ons/ ha 5 

I FSAR 10M Management  Syst em 3 43. 151 t ons/ ha 6 

USGS 10M Management  Syst em 4 18. 993 t ons/ ha 1 

USGS 10M Management  Syst em 5 19. 330 t ons/ ha 2 

USGS 10M Management  Syst em 3 19. 628 t ons/ ha 3 

USGS 10M Management  Syst em 1 21. 316 t ons/ ha 4 

USGS 10M Management  Syst em 6 26. 503 t ons/ ha 5 

USGS 10M Management  Syst em 2 26. 912 t ons/ ha 6 

USGS 30M Management  Syst em 2 15. 904 t ons/ ha 1 

USGS 30M Management  Syst em 1 16. 933 t ons/ ha 2 

USGS 30M Management  Syst em 4 17. 340 t ons/ ha 3 

USGS 30M Management  Syst em 6 19. 874 t ons/ ha 4 

USGS 30M Management  Syst em 3 20. 791 t ons/ ha 5 

USGS 30M Management  Syst em 5 25. 651 t ons/ ha 6 

WG 10M Management  Syst em 3 23. 569 t ons/ ha 1 

WG 10M Management  Syst em 2 26. 694 t ons/ ha 2 

WG 10M Management  Syst em 1 28. 359 t ons/ ha 3 

WG 10M Management  Syst em 6 31. 805 t ons/ ha 4 

WG 10M Management  Syst em 5 34. 280 t ons/ ha 5 

WG 10M Management  Syst em 4 44. 343 t ons/ ha 6 

SRTM 90M Management  Syst em 5 4. 212 t ons/ ha 1 

SRTM 90M Management  Syst em 3 4. 287 t ons/ ha 2 

SRTM 90M Management  Syst em 6 8. 256 t ons/ ha 3 

SRTM 90M Management  Syst em 2 9. 058 t ons/ ha 4 

SRTM 90M Management  Syst em 1 9. 370 t ons/ ha 5 

SRTM 90M Management  Syst em 4 9. 660 t ons/ ha 6 
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Tabl e I . 13.   Management  syst em r anki ngs usi ng sedi ment  
y i el d pr edi ct i ons f r om Wat er shed 11 f or  s i mul at i ons 
per f or med wi t h a 15% cont r i but i ng sour ce ar ea and a 5 year  
r et ur n per i od,  30 mi nut e dur at i on r ai nf al l  event .    
 

DEM Name Management  Syst em 
Sedi ment  

Yi el d 
Uni t s Ranki ng 

I FSAR 2. 5M Management  Syst em 6 0. 718 t ons/ ha 1 

I FSAR 2. 5M Management  Syst em 1 1. 017 t ons/ ha 2 

I FSAR 2. 5M Management  Syst em 2 1. 031 t ons/ ha 3 

I FSAR 2. 5M Management  Syst em 4 1. 076 t ons/ ha 4 

I FSAR 2. 5M Management  Syst em 5 1. 431 t ons/ ha 5 

I FSAR 2. 5M Management  Syst em 3 1. 649 t ons/ ha 6 

I FSAR 10M Management  Syst em 1 0. 230 t ons/ ha 1 

I FSAR 10M Management  Syst em 6 0. 268 t ons/ ha 2 

I FSAR 10M Management  Syst em 2 0. 356 t ons/ ha 3 

I FSAR 10M Management  Syst em 4 0. 463 t ons/ ha 4 

I FSAR 10M Management  Syst em 5 0. 549 t ons/ ha 5 

I FSAR 10M Management  Syst em 3 0. 595 t ons/ ha 6 

USGS 10M Management  Syst em 6 0. 056 t ons/ ha 1 

USGS 10M Management  Syst em 4 0. 077 t ons/ ha 2 

USGS 10M Management  Syst em 2 0. 083 t ons/ ha 3 

USGS 10M Management  Syst em 1 0. 099 t ons/ ha 4 

USGS 10M Management  Syst em 5 0. 105 t ons/ ha 5 

USGS 10M Management  Syst em 3 0. 147 t ons/ ha 6 

USGS 30M Management  Syst em 6 0. 056 t ons/ ha 1 

USGS 30M Management  Syst em 2 0. 069 t ons/ ha 2 

USGS 30M Management  Syst em 4 0. 081 t ons/ ha 3 

USGS 30M Management  Syst em 1 0. 096 t ons/ ha 4 

USGS 30M Management  Syst em 3 0. 103 t ons/ ha 5 

USGS 30M Management  Syst em 5 0. 139 t ons/ ha 6 

WG 10M Management  Syst em 3 0. 127 t ons/ ha 1 

WG 10M Management  Syst em 6 0. 131 t ons/ ha 2 

WG 10M Management  Syst em 1 0. 158 t ons/ ha 3 

WG 10M Management  Syst em 2 0. 210 t ons/ ha 4 

WG 10M Management  Syst em 5 0. 221 t ons/ ha 5 

WG 10M Management  Syst em 4 0. 243 t ons/ ha 6 

SRTM 90M Management  Syst em 1 0. 014 t ons/ ha 1 

SRTM 90M Management  Syst em 6 0. 016 t ons/ ha 2 

SRTM 90M Management  Syst em 2 0. 021 t ons/ ha 3 

SRTM 90M Management  Syst em 4 0. 025 t ons/ ha 4 

SRTM 90M Management  Syst em 3 0. 071 t ons/ ha 5 

SRTM 90M Management  Syst em 5 0. 071 t ons/ ha 6 
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Tabl e I . 14.   Management  syst em r anki ngs usi ng sedi ment  
y i el d pr edi ct i ons f r om Wat er shed 11 f or  s i mul at i ons 
per f or med wi t h a 15% cont r i but i ng sour ce ar ea and a 5 year  
r et ur n per i od,  60 mi nut e dur at i on r ai nf al l  event .    
 

DEM Name Management  Syst em 
Sedi ment  

Yi el d 
Uni t s Ranki ng 

I FSAR 2. 5M Management  Syst em 6 2. 625 t ons/ ha 1 

I FSAR 2. 5M Management  Syst em 2 3. 207 t ons/ ha 2 

I FSAR 2. 5M Management  Syst em 1 4. 087 t ons/ ha 3 

I FSAR 2. 5M Management  Syst em 4 4. 352 t ons/ ha 4 

I FSAR 2. 5M Management  Syst em 5 4. 368 t ons/ ha 5 

I FSAR 2. 5M Management  Syst em 3 4. 619 t ons/ ha 6 

I FSAR 10M Management  Syst em 6 1. 659 t ons/ ha 1 

I FSAR 10M Management  Syst em 2 2. 012 t ons/ ha 2 

I FSAR 10M Management  Syst em 1 2. 606 t ons/ ha 3 

I FSAR 10M Management  Syst em 5 2. 744 t ons/ ha 4 

I FSAR 10M Management  Syst em 4 2. 785 t ons/ ha 5 

I FSAR 10M Management  Syst em 3 2. 943 t ons/ ha 6 

USGS 10M Management  Syst em 6 0. 841 t ons/ ha 1 

USGS 10M Management  Syst em 1 1. 281 t ons/ ha 2 

USGS 10M Management  Syst em 4 2. 085 t ons/ ha 3 

USGS 10M Management  Syst em 2 2. 450 t ons/ ha 4 

USGS 10M Management  Syst em 3 2. 470 t ons/ ha 5 

USGS 10M Management  Syst em 5 3. 392 t ons/ ha 6 

USGS 30M Management  Syst em 6 0. 705 t ons/ ha 1 

USGS 30M Management  Syst em 5 2. 170 t ons/ ha 2 

USGS 30M Management  Syst em 4 2. 193 t ons/ ha 3 

USGS 30M Management  Syst em 2 2. 447 t ons/ ha 4 

USGS 30M Management  Syst em 3 2. 472 t ons/ ha 5 

USGS 30M Management  Syst em 1 2. 584 t ons/ ha 6 

WG 10M Management  Syst em 6 1. 226 t ons/ ha 1 

WG 10M Management  Syst em 2 1. 492 t ons/ ha 2 

WG 10M Management  Syst em 4 2. 053 t ons/ ha 3 

WG 10M Management  Syst em 3 2. 173 t ons/ ha 4 

WG 10M Management  Syst em 1 3. 533 t ons/ ha 5 

WG 10M Management  Syst em 5 3. 827 t ons/ ha 6 

SRTM 90M Management  Syst em 6 0. 183 t ons/ ha 1 

SRTM 90M Management  Syst em 2 0. 241 t ons/ ha 2 

SRTM 90M Management  Syst em 1 0. 297 t ons/ ha 3 

SRTM 90M Management  Syst em 4 0. 696 t ons/ ha 4 

SRTM 90M Management  Syst em 3 0. 716 t ons/ ha 5 

SRTM 90M Management  Syst em 5 0. 737 t ons/ ha 6 
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Tabl e I . 15.   Management  syst em r anki ngs usi ng sedi ment  
y i el d pr edi ct i ons f r om Wat er shed 11 f or  s i mul at i ons 
per f or med wi t h a 15% cont r i but i ng sour ce ar ea and a 10 year  
r et ur n per i od,  30 mi nut e dur at i on r ai nf al l  event .    
 

DEM Name Management  Syst em 
Sedi ment  

Yi el d 
Uni t s Ranki ng 

I FSAR 2. 5M Management  Syst em 4 12. 069 t ons/ ha 1 

I FSAR 2. 5M Management  Syst em 5 12. 418 t ons/ ha 2 

I FSAR 2. 5M Management  Syst em 1 14. 084 t ons/ ha 3 

I FSAR 2. 5M Management  Syst em 2 18. 305 t ons/ ha 4 

I FSAR 2. 5M Management  Syst em 6 19. 563 t ons/ ha 5 

I FSAR 2. 5M Management  Syst em 3 21. 364 t ons/ ha 6 

I FSAR 10M Management  Syst em 5 3. 280 t ons/ ha 1 

I FSAR 10M Management  Syst em 3 5. 450 t ons/ ha 2 

I FSAR 10M Management  Syst em 6 6. 158 t ons/ ha 3 

I FSAR 10M Management  Syst em 1 6. 180 t ons/ ha 4 

I FSAR 10M Management  Syst em 4 6. 476 t ons/ ha 5 

I FSAR 10M Management  Syst em 2 6. 894 t ons/ ha 6 

USGS 10M Management  Syst em 1 1. 853 t ons/ ha 1 

USGS 10M Management  Syst em 4 1. 910 t ons/ ha 2 

USGS 10M Management  Syst em 5 2. 020 t ons/ ha 3 

USGS 10M Management  Syst em 3 2. 090 t ons/ ha 4 

USGS 10M Management  Syst em 2 2. 378 t ons/ ha 5 

USGS 10M Management  Syst em 6 2. 448 t ons/ ha 6 

USGS 30M Management  Syst em 1 1. 725 t ons/ ha 1 

USGS 30M Management  Syst em 4 1. 811 t ons/ ha 2 

USGS 30M Management  Syst em 6 1. 889 t ons/ ha 3 

USGS 30M Management  Syst em 5 1. 907 t ons/ ha 4 

USGS 30M Management  Syst em 2 1. 987 t ons/ ha 5 

USGS 30M Management  Syst em 3 1. 998 t ons/ ha 6 

WG 10M Management  Syst em 1 3. 692 t ons/ ha 1 

WG 10M Management  Syst em 4 3. 990 t ons/ ha 2 

WG 10M Management  Syst em 2 4. 388 t ons/ ha 3 

WG 10M Management  Syst em 5 5. 457 t ons/ ha 4 

WG 10M Management  Syst em 3 5. 693 t ons/ ha 5 

WG 10M Management  Syst em 6 7. 018 t ons/ ha 6 

SRTM 90M Management  Syst em 1 0. 380 t ons/ ha 1 

SRTM 90M Management  Syst em 5 0. 417 t ons/ ha 2 

SRTM 90M Management  Syst em 3 0. 428 t ons/ ha 3 

SRTM 90M Management  Syst em 4 0. 575 t ons/ ha 4 

SRTM 90M Management  Syst em 2 0. 733 t ons/ ha 5 

SRTM 90M Management  Syst em 6 1. 131 t ons/ ha 6 
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Tabl e I . 16.   Management  syst em r anki ngs usi ng sedi ment  
y i el d pr edi ct i ons f r om Wat er shed 11 f or  s i mul at i ons 
per f or med wi t h a 15% cont r i but i ng sour ce ar ea and a 10 year  
r et ur n per i od,  60 mi nut e dur at i on r ai nf al l  event .    
 

DEM Name Management  Syst em 
Sedi ment  

Yi el d 
Uni t s Ranki ng 

I FSAR 2. 5M Management  Syst em 2 18. 762 t ons/ ha 1 

I FSAR 2. 5M Management  Syst em 1 21. 251 t ons/ ha 2 

I FSAR 2. 5M Management  Syst em 6 21. 777 t ons/ ha 3 

I FSAR 2. 5M Management  Syst em 4 21. 813 t ons/ ha 4 

I FSAR 2. 5M Management  Syst em 5 22. 158 t ons/ ha 5 

I FSAR 2. 5M Management  Syst em 3 22. 516 t ons/ ha 6 

I FSAR 10M Management  Syst em 2 5. 595 t ons/ ha 1 

I FSAR 10M Management  Syst em 4 6. 898 t ons/ ha 2 

I FSAR 10M Management  Syst em 6 8. 040 t ons/ ha 3 

I FSAR 10M Management  Syst em 5 8. 898 t ons/ ha 4 

I FSAR 10M Management  Syst em 3 9. 242 t ons/ ha 5 

I FSAR 10M Management  Syst em 1 11. 905 t ons/ ha 6 

USGS 10M Management  Syst em 6 3. 051 t ons/ ha 1 

USGS 10M Management  Syst em 2 3. 414 t ons/ ha 2 

USGS 10M Management  Syst em 4 4. 085 t ons/ ha 3 

USGS 10M Management  Syst em 1 5. 017 t ons/ ha 4 

USGS 10M Management  Syst em 5 5. 432 t ons/ ha 5 

USGS 10M Management  Syst em 3 5. 652 t ons/ ha 6 

USGS 30M Management  Syst em 6 3. 620 t ons/ ha 1 

USGS 30M Management  Syst em 1 3. 665 t ons/ ha 2 

USGS 30M Management  Syst em 5 3. 918 t ons/ ha 3 

USGS 30M Management  Syst em 3 4. 081 t ons/ ha 4 

USGS 30M Management  Syst em 2 4. 259 t ons/ ha 5 

USGS 30M Management  Syst em 4 4. 954 t ons/ ha 6 

WG 10M Management  Syst em 4 5. 123 t ons/ ha 1 

WG 10M Management  Syst em 2 6. 275 t ons/ ha 2 

WG 10M Management  Syst em 6 7. 517 t ons/ ha 3 

WG 10M Management  Syst em 5 7. 544 t ons/ ha 4 

WG 10M Management  Syst em 3 7. 734 t ons/ ha 5 

WG 10M Management  Syst em 1 9. 623 t ons/ ha 6 

SRTM 90M Management  Syst em 2 0. 704 t ons/ ha 1 

SRTM 90M Management  Syst em 1 0. 811 t ons/ ha 2 

SRTM 90M Management  Syst em 4 0. 828 t ons/ ha 3 

SRTM 90M Management  Syst em 5 0. 874 t ons/ ha 4 

SRTM 90M Management  Syst em 3 0. 896 t ons/ ha 5 

SRTM 90M Management  Syst em 6 1. 070 t ons/ ha 6 
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Tabl e I . 17.   Management  syst em r anki ngs usi ng sedi ment  
y i el d pr edi ct i ons f r om Wat er shed 11 f or  s i mul at i ons 
per f or med wi t h a 15% cont r i but i ng sour ce ar ea and a 100 
year  r et ur n per i od,  30 mi nut e dur at i on r ai nf al l  event .    
 

DEM Name Management  Syst em 
Sedi ment  

Yi el d 
Uni t s Ranki ng 

I FSAR 2. 5M Management  Syst em 1 23. 677 t ons/ ha 1 

I FSAR 2. 5M Management  Syst em 5 24. 203 t ons/ ha 2 

I FSAR 2. 5M Management  Syst em 3 24. 541 t ons/ ha 3 

I FSAR 2. 5M Management  Syst em 4 31. 775 t ons/ ha 4 

I FSAR 2. 5M Management  Syst em 2 59. 103 t ons/ ha 5 

I FSAR 2. 5M Management  Syst em 6 59. 458 t ons/ ha 6 

I FSAR 10M Management  Syst em 5 18. 986 t ons/ ha 1 

I FSAR 10M Management  Syst em 3 19. 418 t ons/ ha 2 

I FSAR 10M Management  Syst em 1 24. 104 t ons/ ha 3 

I FSAR 10M Management  Syst em 4 27. 572 t ons/ ha 4 

I FSAR 10M Management  Syst em 6 28. 375 t ons/ ha 5 

I FSAR 10M Management  Syst em 2 32. 579 t ons/ ha 6 

USGS 10M Management  Syst em 6 6. 986 t ons/ ha 1 

USGS 10M Management  Syst em 2 7. 504 t ons/ ha 2 

USGS 10M Management  Syst em 1 8. 410 t ons/ ha 3 

USGS 10M Management  Syst em 4 8. 554 t ons/ ha 4 

USGS 10M Management  Syst em 5 10. 819 t ons/ ha 5 

USGS 10M Management  Syst em 3 11. 062 t ons/ ha 6 

USGS 30M Management  Syst em 1 7. 121 t ons/ ha 1 

USGS 30M Management  Syst em 6 7. 523 t ons/ ha 2 

USGS 30M Management  Syst em 2 8. 298 t ons/ ha 3 

USGS 30M Management  Syst em 4 9. 312 t ons/ ha 4 

USGS 30M Management  Syst em 5 9. 452 t ons/ ha 5 

USGS 30M Management  Syst em 3 9. 727 t ons/ ha 6 

WG 10M Management  Syst em 5 11. 972 t ons/ ha 1 

WG 10M Management  Syst em 3 12. 204 t ons/ ha 2 

WG 10M Management  Syst em 6 13. 186 t ons/ ha 3 

WG 10M Management  Syst em 2 14. 042 t ons/ ha 4 

WG 10M Management  Syst em 1 15. 553 t ons/ ha 5 

WG 10M Management  Syst em 4 15. 868 t ons/ ha 6 

SRTM 90M Management  Syst em 5 2. 846 t ons/ ha 1 

SRTM 90M Management  Syst em 3 2. 900 t ons/ ha 2 

SRTM 90M Management  Syst em 6 4. 476 t ons/ ha 3 

SRTM 90M Management  Syst em 2 5. 213 t ons/ ha 4 

SRTM 90M Management  Syst em 1 5. 441 t ons/ ha 5 

SRTM 90M Management  Syst em 4 5. 693 t ons/ ha 6 
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Tabl e I . 18.   Management  syst em r anki ngs usi ng sedi ment  
y i el d pr edi ct i ons f r om Wat er shed 11 f or  s i mul at i ons 
per f or med wi t h a 15% cont r i but i ng sour ce ar ea and a 100 
year  r et ur n per i od,  60 mi nut e dur at i on r ai nf al l  event .    
 

DEM Name Management  Syst em 
Sedi ment  

Yi el d 
Uni t s Ranki ng 

I FSAR 2. 5M Management  Syst em 6 39. 790 t ons/ ha 1 

I FSAR 2. 5M Management  Syst em 2 41. 828 t ons/ ha 2 

I FSAR 2. 5M Management  Syst em 1 45. 496 t ons/ ha 3 

I FSAR 2. 5M Management  Syst em 4 46. 132 t ons/ ha 4 

I FSAR 2. 5M Management  Syst em 5 46. 320 t ons/ ha 5 

I FSAR 2. 5M Management  Syst em 3 46. 652 t ons/ ha 6 

I FSAR 10M Management  Syst em 6 26. 258 t ons/ ha 1 

I FSAR 10M Management  Syst em 2 27. 725 t ons/ ha 2 

I FSAR 10M Management  Syst em 1 30. 355 t ons/ ha 3 

I FSAR 10M Management  Syst em 5 30. 737 t ons/ ha 4 

I FSAR 10M Management  Syst em 4 30. 831 t ons/ ha 5 

I FSAR 10M Management  Syst em 3 31. 106 t ons/ ha 6 

USGS 10M Management  Syst em 6 14. 799 t ons/ ha 1 

USGS 10M Management  Syst em 2 15. 648 t ons/ ha 2 

USGS 10M Management  Syst em 1 17. 136 t ons/ ha 3 

USGS 10M Management  Syst em 4 17. 340 t ons/ ha 4 

USGS 10M Management  Syst em 5 17. 589 t ons/ ha 5 

USGS 10M Management  Syst em 3 17. 767 t ons/ ha 6 

USGS 30M Management  Syst em 6 14. 409 t ons/ ha 1 

USGS 30M Management  Syst em 2 15. 353 t ons/ ha 2 

USGS 30M Management  Syst em 1 16. 608 t ons/ ha 3 

USGS 30M Management  Syst em 4 16. 888 t ons/ ha 4 

USGS 30M Management  Syst em 5 17. 074 t ons/ ha 5 

USGS 30M Management  Syst em 3 17. 333 t ons/ ha 6 

WG 10M Management  Syst em 5 23. 597 t ons/ ha 1 

WG 10M Management  Syst em 3 23. 841 t ons/ ha 2 

WG 10M Management  Syst em 6 25. 483 t ons/ ha 3 

WG 10M Management  Syst em 2 27. 101 t ons/ ha 4 

WG 10M Management  Syst em 1 29. 170 t ons/ ha 5 

WG 10M Management  Syst em 4 34. 998 t ons/ ha 6 

SRTM 90M Management  Syst em 5 4. 580 t ons/ ha 1 

SRTM 90M Management  Syst em 3 4. 625 t ons/ ha 2 

SRTM 90M Management  Syst em 6 9. 154 t ons/ ha 3 

SRTM 90M Management  Syst em 2 10. 054 t ons/ ha 4 

SRTM 90M Management  Syst em 1 10. 486 t ons/ ha 5 

SRTM 90M Management  Syst em 4 10. 744 t ons/ ha 6 
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